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The	 »600kb	 16p11.2	 CNVs	 (breakpoints	 4–5,	 29.6-30.2	 Mb-Hg19)	 are	 among	 the	 most	
frequent	genetic	 risk	 factors	 for	neurodevelopmental	and	psychiatric	 conditions:	A	10-fold	
enrichment	 of	 deletions	 and	 duplications	 is	 observed	 in	 autism	 cohorts	 and	 a	 10-fold	
enrichment	of	duplications	in	schizophrenia	cohorts.	Previous	studies	demonstrated	“mirror”	





In	 the	 first	part	of	my	Ph.D.,	 I	 analyze	 structural	magnetic	 resonance	 imaging	 (MRI)	on	78	
deletion	carriers,	71	duplication	carriers,	and	212	controls.	I	show	that	both	CNVs	affect	in	a	
“mirror”	way	the	volume	and	the	cortical	 surface	of	 the	 insula	 (Cohen’s	d>1),	whilst	other	
brain	regions	are	preferentially	altered	 in	either	 the	deletion	carriers	 (calcarine	cortex	and	
superior,	middle,	transverse	temporal	gyri,	Cohen’s	d>1)	or	the	duplication	carriers	(caudate	
and	 hippocampus,	 Cohen’s	 d	 of	 0.5	 to	 1).	 Results	 are	 generalizable	 across	 scanning	 sites,	
computational	 methods,	 age,	 sex,	 ascertainment	 for	 psychiatric	 disorders.	 They	 partially	
overlap	with	results	of	meta-analyses	performed	across	psychiatric	disorders.	
In	the	second	part,	 I	characterize	the	developmental	 trajectory	of	global	brain	metrics	and	
regional	 brain	 structures	 in	 the	 16p11.2	 CNV	 carriers.	 I	 adapt	 a	 previously	 published	
longitudinal	 pipeline	 and	 normalizing	 method,	 derived	 from	 339	 typically	 developing	






of	 psychiatric	 disorders.	 I	 highlight	 the	 relevance	 of	 studying	 genetic	 risk	 factors	 and	
mechanisms	 as	 a	 complement	 to	 groups	 defined	 by	 behavioral	 criteria.	 Further	 studies	
comparing	multiple	CNVs	and	monogenic	conditions,	from	the	earliest	age,	are	required	to	







pour	 les	 troubles	 du	 spectre	 autistique,	 10%	 d’enrichissement	 en	 duplication	 pour	 la	
schizophrénie.	 Les	 effets	 «	miroirs	 »	 des	 deux	CNVs	 sur	 l’indice	 de	masse	 corporelle	 et	 le	









l’hippocampe	 sont	 préférentiellement	 altérés	 par	 la	 duplication	 (0.5<Cohen’s	 d<1).	 Les	







déjà	 présentes	 à	 4.5	 ans,	 avec	 les	 mêmes	 tailles	 d’effet	 et	 une	 trajectoire	 parallèle	 aux	
contrôles.	En	résumé,	mes	résultats	suggèrent	que	les	différences	cérébrales,	présentes	dans	
la	jeune	enfance	et	stables	à	l’adolescence	et	l’âge	adulte,	sont	liées	au	risque	conféré	par	les	
CNVs	 en	 16p11.2,	 quelque	 soient	 les	 symptômes.	 Des	 facteurs	 additionnels	 sont	
probablement	nécessaires	pour	le	développement	de	maladies	psychiatriques.	Je	montre	la	
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Copy	 number	 variants	 (CNVs)	 are	 variations	 of	 chromosomal	 structure,	widespread	 in	 the	
human	 genome	 (>1000	 CNVs),	 including	 deletion,	 duplication,	 inversion	 and	 translocation	
(Malhotra	 &	 Sebat	 2012).	 Thanks	 to	 the	 recent	 key	 evolution	 of	 technologies	 (as	 the	
chromosomal	microarray	analysis,	and	most	recently	the	whole-genome	sequencing)	and	the	
clinical	 application	 of	 these	 genomic	 arrays,	 we	 begin	 to	 understand	 their	 essential	
contribution	to	inter-individual	genetic	and	phenotypic	variations.	Many	CNVs	are	probably	
benign,	underlying	common	normal	traits,	and	some	of	them	are	associated	with	common	
Mendelian	 conditions,	 such	 as	 colorblindness,	 Charcot–Marie–tooth	 disease	 type	 1A,	 etc.	
Some	variations	can	influence	susceptibility	to	complex	diseases	such	as	Alzheimer’s	disease,	
Crohn’s	disease,	and	to	infection	such	as	the	Human	Immunodeficiency	Virus	(Lupski	2007).	
Therefore,	 they	are	 thought	 to	play	a	major	 role	 in	 the	etiology	of	common	disorders	and	
complex	multifactorial	 traits,	 and	 they	 could	 explain	 the	 variable	 penetrance	 of	 inherited	
diseases	(Beckmann	et	al.	2007).	
In	 this	 thesis,	 I	 focus	on	the	deletion	and	duplication	of	a	 recurrent	CNV,	 identified	as	 risk	





sites	 and	 products	 a	 recurrent	 CNV:	 this	 process	 is	 called	 nonallelic	 homologous	
recombination	(Moreno-De-Luca	&	Cubells	2011).	Recurrent	reciprocal	CNVs	allow	studying	
the	effect	of	gene	dosage	 in	 individuals	carrying	1,	2	or	3	copies	of	a	genomic	 region.	The	
deletion	(1	copy	of	the	genomic	segment)	and	the	duplication	(3	copies)	can	disrupt	a	variable	









the	 10th	 revision	 of	 the	 international	 classification	 of	 diseases	 (ICD-10,	 World	 Health	
Organisation).	
According	to	DSM-5,	neurodevelopmental	disorders	(NDDs)	are	a	group	of	conditions	with	an	




independence	 and	 social	 responsibility,	 3-onset	 during	 the	 developmental	 period.	 ASD	
diagnosis	 is	 based	on	 characteristic	 deficits	 in	 social	 communication	 and	 social	 interaction	
across	multiple	context,	as	well	as	an	excess	of	repetitive	behaviours	and	restricted	interests.	






disorganized	 speech,	 and	 also	 disorganized	 or	 catatonic	 behaviour,	 negative	 symptoms	
affecting	emotional	expression	or	volition.	These	symptoms	affect	every	day	functioning	and	
the	 disturbance,	 including	 prodromal	 or	 residual	 symptoms,	 has	 to	 persist	 for	 at	 least	 6	
months.	
1.1.3	The	contribution	of	copy	number	variants	to	psychiatric	disorders	
The	 psychiatric	 disorders	 present	 an	 important	 heterogeneity	 and	 a	 complexity	 of	 the	
symptoms	 in	 clinics.	 Instead	 of	 considering	 this	 heterogeneity	 as	 noise,	 it	 represents	 a	

















significantly	 to	diseases	 (>250	Kb	with	a	 frequency	<0.1%),	 are	 identified	 in	10	 to	15	%	of	
children	referred	for	NDDs	(Miller	et	al.	2010;	Battaglia	et	al.	2013).	Such	alleles	arise	by	de	
novo	mutation	 in	 the	 individual	or	 the	 recent	ancestry.	 Sanders	et	al.	 (2011)	estimate	 the	
presence	of	130-234	distinct	ASD-related	CNVs	across	the	genome,	Levy’s	estimate	(Levy	et	
al.	2011)	goes	up	to	250-300	target	loci.	Large	de	novo	CNVs	carry	substantial	risk,	and	the	
same	 CNVs	 can	 increase	 the	 risk	 for	 multiple	 cognitive	 and	 psychiatric	 disorders.	 Recent	
genome-wide	association	studies	show	enrichment	of	CNV	burden	in	SCZ	(odds	ratio	of	1.11),	
































































































Table	 1:	 Eleven	 pathogenic	 CNV	 loci	 across	 multiple	 diagnostic	 categories:	
intellectual	ability	(ID),	autism	spectrum	disorders	(ASD),	schizophrenia	(SCZ).	In	
case	odds	ratio	were	not	available,	the	frequency	of	each	CNV	is	reported.	Only	






The	16p11.2	 locus	encompasses	several	distinct	 structural	variants,	as	 shown	 in	Figure1.A.	













The	 deletion	 and	 duplication	 carriers	 present	 a	 high	 frequency	 of	 psychiatric	 and	
developmental	disorders	(.90%	for	deletion	(Hanson	et	al.	2015)).	Both	show	about	10-fold	
Figure	 1:	 The	 16p11.2	 locus,	 A.	 Four	 existing	 rearrangements	 within	 the	 16p11.2	
chromosomal	bands,	described	from	telomere	to	centromere	as	breakpoints	BP1	to	BP5;	
B.	Twenty-nine	genes	encompassing	the	BP4-BP5	genomic	region.	This	 figure	 is	 from	
Zufferey	 et	 al.	 (2012),	 which	 described	 the	 600	 kb	 deletion	 syndrome,	 same	
rearrangements	and	breakpoints	apply	to	the	reciprocal	duplication.	
 	 16	
enrichment	 to	 develop	 ASD,	 duplication	 shows	 10-fold	 enrichment	 for	 SCZ	 and	 4-fold	
enrichment	 for	 bipolar	 disorder	 and	 recurrent	 depression	 (Sebat	 et	 al.	 2007;	Weiss	 et	 al.	




of	 deletion	 probands	 and	 20%	 of	 duplication	 probands	 met	 diagnostic	 criteria	 for	 ASD	
(D’Angelo	et	al.	2016),	comparing	to	only	2.2%	of	the	carrier	relatives	of	duplication	probands.	
Of	note,	probands	are	the	CNV	carriers	in	a	family	first	referred	in	clinics,	so	probably	the	most	
affected	 and	 symptomatic	 carrier,	 compared	 to	 relative	 carriers	 that	 are	 not	 medically	
ascertained	and	diagnosed	 following	 familial	 genetic	 testing.	Even	 the	 individuals	with	 the	
16p11.2	 deletion	 or	 duplication	 not	 meeting	 criteria	 for	 ASD	 have	 a	 significantly	 higher	
prevalence	of	 autism-related	 characteristics	 compared	with	 the	 familial	 noncarrier	 control	
group	(Moreno-De-Luca	et	al.	2015;	Green	Snyder	et	al.	2016).	
Other	psychiatric	diagnoses	are	reported	in	59%	of	deletion	probands	and	50%	of	duplication	
probands,	 including	 significant	 psychiatric	 comorbidity.	 Psychiatric	 conditions	 are	 also	
diagnosed	in	about	44%	of	their	carrier	relatives	without	a	diagnosis	of	ASD.	In	the	deletion	
















of	 epilepsy	 is	 observed	 in	 deletion	 and	 duplication	 proband	 carriers,	 24%	 and	 19,4%	




late	 onset	 walking	 (>24	 months)	 compared	 to	 the	 deletion	 proband	 carriers.	 The	 most	





The	 dosage	 effects	 of	 the	 genes	 regulate	 in	 an	 opposite	 way	 the	 anthropometric	
measurements	(“mirrored”	phenotype):	mean	body	mass	index	(BMI)	is	significantly	higher	in	
the	deletion	carriers	and	lower	in	the	duplication	carriers	than	BMI	in	the	familial	controls,	
+0.7	 Z-score	 and	 -0.6	 Z-score	 respectively	 (Jacquemont	 et	 al.	 2011;	D’Angelo	 et	 al.	 2016).	
Deletion	is	associated	with	a	high	penetrance	of	obesity	(43-fold	increased	risk	of	developing	
morbid	 obesity),	 with	 an	 increase	 of	 BMI	 with	 age:	 birth	 weight	 is	 below	 average	 (Z-
score=−0.61),	 then	 it	 increases	 and	 becomes	 significantly	 higher	 by	 the	 age	 of	 3.5	 (Z-

















16p11.2	 interval,	 seems	 to	 be	 associated	 with	 the	 regulation	 of	 brain	 size	 in	 zebrafish:	
overexpression	of	this	homolog	gene	causes	a	significant	decrease	in	brain	size	in	zebrafish	
embryos	whereas	 inhibition	 leads	to	an	 increase	 in	brain	size	(Golzio	et	al.	2012).	A	recent	
study	on	mice	show	that	underexpression	of	KCTD13	leads	to	increased	levels	of	Ras	homolog	
gene	 family,	member	 A	 (RhoA),	 that	 reduce	 synaptic	 transmission	 (Escamilla	 et	 al.	 2017).	
Although	 KCTD13	 is	 implicated	 in	 the	 regulation	 of	 neuronal	 function	 relevant	 for	










show	 in	 a	 study	 I	 contributed	 at	 the	 beginning	 of	my	 Ph.D.,	 that	 the	 16p11.2	 duplication	
phenotype	 is	characterized	by	wider	variability	 than	 the	 reciprocal	deletion.	We	observe	a	
higher	proportion	of	very	 low	 IQ	 (30,5%	of	duplication	carriers	meet	criteria	 for	 ID),	 lower	
NVIQ	 and	 higher	 rates	 of	 additional	 CNVs,	 likely	 reflecting	 contributions	 of	 additional	 risk	
factors	(D’Angelo	et	al.	2016).	
The	 number	 of	 16p11.2	 genomic	 copies	 may	 also	 modulate	 specific	 cognitive	 skills:	 the	
language	domain	(phonology,	written	language,	vocabulary),	the	memory	processes	(short-	











Both	 CNV	 carriers	 show	 distinct	 cognitive	 profiles,	 highlighting	 their	 heterogeneity.	 The	
cognitive	performances	may	covary	with	molecular	mechanisms,	and	the	mouse	models	have	
enhanced	memory	 skills	 on	 a	 recognition	 task	 in	 duplicated	 mice	 compared	 to	 wild-type	














genetic	 factors,	 from	 rare	 to	 common	 polygenic	 variation,	 epigenetic	 regulation,	
environmental	sources.		
Regarding	the	16p11.2	CNVs,	even	if	the	average	effects	of	the	duplication	and	the	deletion	













fold	 increase	 in	 an	 “above	 average”	 group	 (FSIQ>100)	 and	 a	 19.4-fold	 increase	 in	 low	




CNVs	 were	 2.5-fold	 higher	 in	 duplication	 compared	 with	 deletion	 probands	 (p=0.006).	
Duyzend	et	al.	 (2016)	also	observe	a	modest	negative	 correlation	between	 the	number	of	
additional	 CNVs	 and	 FSIQ	 in	 16p11.2	 CNV	 carriers.	 Other	 traits,	 as	 neurological	 features,	
present	 a	 broader	 phenotypic	 variability	 among	 duplication	 carriers	 than	 deletion	 carriers	
(Steinman	 et	 al.	 2016).	 All	 these	 results	 converge	 towards	 additional	 genetic	 and	 familial	





phenomenon	 is	 observed	 in	 the	 carriers	 of	 15q11.2	 BP1-BP2	 deletion	 from	 an	 apparently	
healthy	cohort:	they	have	a	history	of	dyslexia	and	dyscalculia,	even	when	controlling	for	IQ,	





















contrast	 of	 structural	 MRI	 (Paus	 et	 al.	 2001).	 Based	 on	 these	 image	 contrasts,	 different	
measurements	have	been	developed	over	time,	 from	volumetric	 features	to	surface-based	
measurements.	 They	 are	 more	 and	 more	 specific	 regarding	 the	 underlying	 mechanisms:	
Figure	2	represents	the	evolution	of	structural	MRI	measurements	as	applied	to	research	on	








(Anagnostou	 &	 Taylor	 2011):	 this	 accelerated	 brain	 volume	 growth	 in	 early	 childhood	
corresponds	about	at	a	10%	increase	in	brain	volume.	Some	region-specific	differences,	such	
as	 volumetric	 alterations	 of	 parieto-temporal	 and	 frontal	 lobes,	 the	 cerebellar	 cortex,	 the	
hypothalamus,	 and	 the	 striatum	are	described	 (Stanfield	 et	 al.	 2008;	 Kurth	 et	 al.	 2011).	A	
decreased	volume	of	the	cingulate	is	associated	with	reduced	metabolic	activity	(Haznedar	et	
al.	2006),	and	an	increased	volume	of	the	caudate	is	correlated	with	the	severity	of	repetitive	
behaviors	 (Langen	 et	 al.	 2007;	 Hollander	 et	 al.	 2005).	 A	 decreased	 volume	 of	 the	 corpus	
callosum	is	also	reported,	suggesting	a	reduced	interhemispheric	connectivity	(Hardan	et	al.	
2009;	 Stanfield	 et	 al.	 2008).	 The	 spread	 of	 these	 findings	 indicates	 that	 ASD	 is	 a	 widely	
distributed	disorder	affecting	both	GM	and	WM.	However,	there	is	little	consistency	between	
Figure	2,	from	Ecker	et	al.	(2015):	Evolution	of	structural	MRI	measurements	over	time	in	ASD	research.	







For	example,	Hazlett	et	al.	 (2009)	 find	a	robust	enlargement	of	the	caudate	nucleus	 in	the	








regions	 involved	 in	social	 recognition	and	autonomic	regulation,	group	3	 is	 localized	 in	the	
cerebellum.	These	clusters	also	distinguish	the	directionality	of	the	anatomical	changes:	for	
example,	the	cerebellar	cortex	is	oppositely	affected	in	Group	1	compared	to	Group	3	and	not	
altered	 in	Group	2.	Group	1	 is	associated	with	an	 increase	and	Group	2	with	a	decrease	 in	
similar	WM	structures.	
The	 volume	 abnormalities	 are	 also	 associated	 with	 atypical	 functional	 and	 structural	
connectivity	 in	 the	 brain.	 Many	 studies	 provide	 evidence	 for	 decreased	 cortical-cortical	
connectivity,	with	possibly	increased	connectivity	between	subcortical	regions	and	cortex,	and	
within	primary	sensory	areas	such	as	the	visual	cortex.	That	supports	the	idea	of	poor	long-
distance	 connectivity	 in	 ASD.	 Intrinsic	 functional	 connectivity	 studies	 suggest	 abnormal	
patterns	of	network	activation	in	the	default	mode	network	(DMN)	at	rest	in	ASD	(Pua	et	al.	
2017).	
Age	 is	 an	 important	 factor,	 but	 fewer	 studies	 examine	 changes	 in	 the	 developmental	
























0.31),	 thalamus	 (Cohen’s	 d=-0.31),	 accumbens	 (Cohen’s	 d=-0.25)	 and	 intracranial	 volumes	
(Cohen’s	 d=-0.12)	 are	 reduced	 in	 SCZ	 compared	 to	 controls.	 On	 the	 contrary,	 volumes	 of	
pallidum	 (Cohen’s	 d=0.21)	 and	 lateral	 ventricle	 (Cohen’s	 d=0.37)	 are	 increased.	 The	 GM	
volume	 of	 the	 total	 cerebellum	 is	 robustly	 reduced	 (Cohen’s	 d=-0.35),	 this	 structure	 is	
probably	a	key	node	of	 the	network	underlying	the	SCZ	(Moberget	et	al.	2017).	Brugger	&	
Howes	(2017)	show	that	there	is	a	 lower	variability	of	the	results	 in	the	anterior	cingulate,	
compared	 to	 the	 variability	 found	 in	 other	 regions	 implicated	 in	 SCZ	 (temporal	 cortex,	
thalamus,	 putamen	 and	 third	 ventricle	 volumes).	 Given	 this	 greater	 homogeneity,	 they	
suggest	that	anterior	cingulate	cortex	volume	is	a	core	region	in	SCZ,	shared	across	subtypes	











Mental	Health’s	 Research	Domain	Criteria	 Project,	 a	 dimensional	 and	organizing	model	 of	











scores).	A,	 comparison	between	patients	and	controls	 from	studies	pooled	across	all	diagnoses.	The	 results	
show	a	 loss	of	GM	volume	 in	anterior	 insula,	dorsal	 anterior	 cingulate	 cortex,	prefrontal	 cortex,	 thalamus,	
amygdala,	hippocampus,	superior	temporal	gyrus;	B,	comparison	between	patients	and	controls	separately	by	





Some	 international	 consortia	 aim	 to	 target	 the	 issue	 of	 heterogeneity	 in	 psychiatric	





































effects	 of	 GM	 and	WM	 in	 key	 areas	 of	 the	 reward	 system,	 language	 circuitry,	 and	 social	
cognition.	The	observed	brain	anatomy	changes	spatially	overlap	with	brain	changes	in	ASD	
and	SCZ,	 and	 they	are	explained	by	mRNA	 levels	of	 all	 assessed	genes	within	 the	16p11.2	





Moreover,	 there	 is	 evidence	 of	 a	 specific	 widespread	 pattern	 of	 WM	 microstructure	
alterations,	not	usually	reported	in	NDDs.	Owen	et	al.	 (2014)	show,	 in	deletion	carriers,	an	








The	 genetic-first	 approach	 is	 a	 powerful	 approach	 to	 gain	 insight	 the	 etiologies	 and	
mechanisms	 of	 psychiatric	 and	 developmental	 disorders,	 in	 the	 context	 of	 a	 biologically	
homogenous	 sample	 of	 individuals	 (The	 Simons	 VIP	 Consortium	 2012).	 Whole	 genome	
chromosomal	microarray	(CMA)	is	now	well	established	as	a	first-tier	clinical	diagnostic	test	in	




My	 Ph.D.	 is	 focused	 on	 patients	 carrying	 a	 proximal	 600	 kb	 16p11.2	 CNV,	 their	 family	





but	 the	 large	brain	size	and	 the	sample	size	 limited	 the	analyses	and	 the	 interpretation	of	
some	regional	analyses.	Here,	we	merge	multiple	datasets	to	 increase	the	sample	size.	We	
aim	at	quantifying	 the	effect	of	 the	global	and	 regional	gene	dosage	effect,	as	well	as	 the	
specific	contribution	of	 the	deletion	and	the	duplication	to	these	16p11.2-associated	brain	
differences.	We	examine	the	generalizability	of	our	results	across	cohorts,	scanning	sites,	sex	




findings;	 and	 we	 overlap	 our	 results	 with	 the	 ones	 from	 a	 meta-analysis	 on	 psychiatric	
conditions.	We	also	investigate	if	the	non-carrier	familial	controls	show	some	brain	structural	
differences,	 compared	 to	 the	 general	 population,	 that	 would	 contribute	 to	 the	 patterns	
observed	in	the	16p11.2	carriers.	
To	 this	end,	we	perform	voxel-	and	surface-based	analyses	 in	parallel	on	361	participants,	






















European	 16p11.2	 consortium	 with	 the	 ones	 from	 the	 Simons	 VIP	
(http://www.simonsvipconnect.org/)	 in	North	America.	 Individuals	were	 recruited	 through	





controls	 are	 relatives	 who	 do	 not	 carry	 the	 CNV.	 Unrelated	 controls	 are	 selected	 among	
volunteers	from	the	general	population	who	have	neither	any	major	DSM-5	diagnosis	nor	a	
relative	with	a	NDD.	Focusing	on	structural	brain	intermediate	phenotypes,	we	collected	T1-
weighted	anatomical	 images	 from	7	scanning	sites	 (5	sites	 in	North	America	and	2	sites	 in	
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mirror	 differences	 in	 the	 insula	 (deletion>control>duplication).	 Other	 regions	 are	
preferentially	 affected	 by	 either	 the	 deletion	 or	 the	 duplication:	 the	 calcarine	 cortex	 and	
 	 31	
transverse	temporal	gyrus	(deletion>control;	Cohen’s	d	>	1),	the	superior	and	middle	temporal	
gyri	 (deletion<control;	 Cohen’s	 d	 <	 -1),	 as	 well	 as	 the	 caudate	 and	 hippocampus	





are	 comparable.	 Findings	partially	overlap	with	 results	of	meta-analyses	performed	across	














reasonable	 approximation	 of	 age-related	 effects	 because	 the	mutation	 can	 be	 studied	 in	
individuals	with	different	ages,	genetic	backgrounds,	as	well	as	carriers	with	or	without	clinical	
manifestations.	The	~600kb	16p11.2	BP4-BP5	CNVs	(breakpoints	4–5,	29.6-30.2	Mb-Hg19)	are	
strongly	 associated	 with	 neurodevelopmental	 disorders	 (Weiss	 et	 al.	 2008).	 Deletion	 and	







in	 the	 insula,	 calcarine	 cortex,	 and	 superior,	 middle,	 transverse	 temporal	 gyri	 in	 deletion	





younger	 individuals,	 and	 it	 is	 unknown	 when	 these	 alterations	 appear	 during	 brain	
development.	
Longitudinal	 studies	point	out	distinct	phenotypic	 trajectories	and	early	 cognitive	or	 social	
communication	 abilities	 for	 16p11.2	 CNVs	 carriers	 who	 are	 ultimately	 diagnosed	 with	
intellectual	disability	(ID)	or	ASD	(Bernier	et	al.	2017),	compared	to	the	16p11.2	CNVs	carriers	








Instead,	 large	 normative	 developmental	 datasets	 are	 required	 to	 infer	 these	 trajectories.	
Aubert-Broche	et	al.	(2013)	previously	developed	a	longitudinal	image	processing	pipeline	and	
z-scoring	method	to	define	age-	and	sex-normative	brain	growth	trajectories	 from	the	NIH	
MRI	 study	 of	 normal	 brain	 development	 (NIHPD)	 derived	 from	 339	 typically	 developing	
individuals	aged	4.5	to	23	years	old	(https://pediatricmri.nih.gov/)	(Evans	2006).	This	method	
has	 successfully	been	applied	 to	determine	 the	 impact	on	brain	 growth	of	pediatric-onset	
Multiple	Sclerosis	(Aubert-Broche	et	al.	2014).	











16p11.2	 CNVs	 carriers.	 To	 this	 end,	 we	 z-scored	 our	 cross-sectional	 16p11.2	 dataset	 (56	
deletion	 carriers,	 19	 duplication	 carriers,	 105	 control	 individuals)	 using	 our	 previously	











BP4-5	 deletion	 carriers	 (DEL,	 42	 American	 and	 14	 European	 individuals),	 19	 duplication	
carriers	(DUP,	15	American	and	4	European	individuals),	and	105	controls	(CTRL,	75	American	
and	30	European	individuals,	34	familial	and	71	unrelated	controls).	CNV	carriers	were	either	




of	each	consortium	and	 signed	 informed	consents	were	obtained	 from	 the	participants	or	
their	legal	representatives.	A	full	description	of	demographics	is	available	in	Table	2.	
	 DEL	 CTRL	 DUP	



















As	 normative	 data	 for	 growth	 reference,	 we	 used	 the	 multi-site	 longitudinal	 data	 from	














echo	 sequence	 (MPRAGE)	 with	 1-mm-thick	 sagittal	 slices.	 Three	 sites	 used	 multi-echo	
sequences	 for	126	participants	 (38	DEL,	12	DUP,	76	CTRL	with	5	 familial	and	71	unrelated	
CTRL),	 and	 4	 sites	 used	 single-echo	 sequences	 for	 54	participants	 (18	DEL,	 7	DUP,	 and	29	
familial	CTRL).	Details	of	the	scanners	and	image	acquisition	sequences	can	be	found	in	Table	




















EU	 Magnetom	Prisma	Syngo	(1	site)	 MPRAGE	 2000	ms	 2.39	ms	 9°	 256	
SVIP	 Magnetom	TIM	Trio	(2	sites)	 ME-MPRAGE	 2530	ms	 1.64	ms	 7°	 256	
SVIP	 Philips	Achieva	(2	sites)	 MPRAGE	 2300	ms	 3	ms	 9°	 256	

















images	 were	 non-linearly	 registered	 using	 the	 Automated	 Nonlinear	 Image	Matching	 and	









































global	 volumes	 of	 the	 brain	 as	 well	 as	 for	 each	 voxel	 independently,	 for	 the	 16p11.2	
participants.	
Analyses	of	Z-scored	global	brain	volumes	and	voxels	in	CNV	carriers	and	controls	
To	 identify	 local	acquisition	biases,	as	well	 as	differences	 in	 scan	parameters	between	 the	
NIHPD	and	16p11.2	cohorts	(e.g.,	1.5T	vs.	3T	scans),	we	first	compared	the	Z-scores	from	the	










were	 anatomically	 labeled	 using	 the	 neuromorphometric	 atlas	
(http://www.neuromorphometrics.com).	



















further	 investigate	 our	 control	 group	which	 is	 a	 combination	 of	 familial	 controls	 (34	 first	
degree	relatives	who	do	not	carry	a	16p11.2	CNV)	and	71	unrelated	controls.	The	two	control	
groups	show	no	significant	differences	at	the	global	or	voxel	level	with	an	adjusted	mean	of	0	











score=-0.53,	 p-value=0.0018)	 compared	 to	 controls.	 However,	 duplication	 carriers	 have	 a	









per	 genetic	 groups,	 on	 the	
Jacobian	 determinants	
voxel-by-voxel.		
A.	 Mean	 z-scores	 for	 the	
CTRL;	 B.	 Mean	 z-scores	 for	
the	DEL;	C.	Mean	z-scores	for	
the	DUP.		
16p11.2	 CTRL	 show	 similar	
profile	 than	 the	 baseline	 of	
NIHPD	 controls,	 with	 only	
some	 deviations	 in	 the	 left	
putamen	 and	 the	 medial	
frontal	 cortex,	 whereas	 DEL	
and	 DUP	 show	 extensive	
clusters	 different	 from	
NIHPD	controls.	


































































































































































































































































































































































































































The	 TBM	 analysis	 identifies	 several	 brain	 regions	 associated	with	 an	 inverse	 gene	 dosage	
effect.	Deletion	carriers	have	significantly	higher	Jacobian	determinants	values	than	controls,	
and	duplication	have	significantly	lower	values	(i.e.,	DEL>CTRL>DUP)	in	the	following	regions:	
bilateral	 calcarine	 cortex,	 insula,	 left	 transverse	 temporal	 gyrus,	 planum	 temporale,	 and	
parietal	operculum.	Reciprocal	inverse	gene	dosage	effects	are	also	present	in	the	frontal	and	
occipital	white	matter	(Figure	7,	Table	4).	
Differences	 predominantly	 or	 specifically	 associated	 with	 the	 deletion	 include	 increased	
Jacobian	determinants	values	in	the	cuneus,	anterior	cingulate,	posterior	orbital	and	inferior	
frontal	 gyri.	 Regions	 predominantly	 decreased	 in	 deletion	 carriers	 compared	 to	 controls	
include	the	bilateral	cerebellum,	middle	cingulate	gyrus,	pallidum,	putamen,	precentral	and	









the	calcarine	cortex	 respectively,	and	 the	DUP	have	Z-scores	of	 -0.9	and	 -1,2	on	 the	same	
structures.	DEL	have	Z-scores	of	0.9	and	0.7	for	the	posterior	orbital	and	anterior	cingulate	
gyri	 respectively;	 they	 have	 the	most	 negative	 Z-scores,	 -1.6	 and	 -1.1,	 for	 the	 cerebellum	
exterior	 and	 the	 fusiform	 gyrus.	 DUP	 have	 also	 high	 Z-scores	 for	 the	 lateral	 ventricle	 and	












































































































































































































































































































































































































































































































































































































































































































































































Frontal	operculum	 Left	 95	 41	 -1	 27	 -43	 5.35	
Inferior	frontal	gyrus	
triangular	part	




















































87	 60	 14	 -29	 43	 7.77	
Parietal	operculum	 174	 59	 16	 -33	 41	 8.27	
Posterior	insula	 87	 31	 15	 -25	 33	 5.92	
Planum	temporale	 44	 23	 13	 -33	 41	 8.17	
Posterior	cingulate	gyrus	 134	 22	 5	 -53	 21	 6.76	
Middle	occipital	gyrus	 133	 21	 6	 -81	 36	 4.76	
Calcarine	cortex	(1)	 96	 17	 7	 -68	 25	 8.75	
Lingual	gyrus	 164	 14	 3	 -58	 25	 7.94	
Ventral	DC	 92	 14	 -14	 -15	 15	 3.40	
Cuneus	 69	 11	 13	 -98	 11	 5.04	
Occipital	pole	 31	 9	 11	 -103	 14	 2.82	
Central	operculum	 33	 7	 14	 -19	 43	 3.88	
Precuneus	 116	 6	 7	 -60	 25	 8.16	
Lateral	ventricle	 75	 6	 6	 -54	 29	 7.58	
Inferior	occipital	gyrus	 47	 6	 4	 -83	 33	 4.07	
Thalamus	proper	 41	 3	 1	 -35	 13	 4.03	
CLUSTER	3	
Calcarine	cortex	 Left	 260	 45	 5	 -67	 -25	 7.44	
Superior	occipital	gyrus	 194	 43	 30	 -88	 -12	 4.15	
Cuneus	 241	 35	 13	 -63	 -15	 4.48	
Lingual	gyrus	 183	 15	 3	 -57	 -19	 7.04	
Posterior	cingulate	gyrus	 95	 15	 5	 -51	 -17	 6.13	
Lateral	ventricle	 115	 9	 8	 -53	 -28	 6.25	
Inferior	occipital	gyrus	 68	 9	 3	 -83	 -33	 4.36	
Precuneus	 140	 8	 7	 -58	 -20	 6.97	
Middle	occipital	gyrus	 30	 5	 6	 -84	 -31	 3.71	
Thalamus	proper	 35	 3	 4	 -33	 -11	 3.80	
CLUSTER	4	
Transverse	temporal	gyrus	 Left	 130	 94	 7	 -21	 -41	 9.82	
Planum	temporale	 128	 59	 14	 -33	 -38	 8.11	
Parietal	operculum	 162	 59	 18	 -31	 -38	 8.35	
Posterior	insula	 99	 35	 8	 -21	 -35	 7.74	
Superior	temporal	gyrus	 124	 13	 9	 -27	 -71	 4.19	
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segment	 Right	 64	 18	 49	 -21	 3	 -3.58	
Brain	stem	 		 387	 14	 -47	 -41	 -11	 -5.78	
Temporal	pole	 Right	 136	 11	 -34	 15	 23	 -3.62	















Ventral	DC	 Left	 31	 5	 -9	 -25	 -25	 -3.77	

















Medial	orbital	gyrus	 Left	 102	 17	 -26	 43	 -9	 -4.36	
CLUSTER	3	
Temporal	pole	 Left	 232	 19	 -37	 19	 -25	 -4.34	
CLUSTER	4	
Supramarginal	gyrus	 Right	 137	 12	 27	 -32	 70	 -3.97	
CLUSTER	5	
Superior	parietal	lobule	 Left	 153	 10	 66	 -63	 -13	 -3.71	
CLUSTER	6	
Superior	parietal	lobule	 Right	 69	 5	 60	 -68	 15	 -3.22	
CLUSTER	7	
Superior	frontal	gyrus	medial	
segment	 Right	 41	 4	 39	 49	 2	 -2.99	
	













































Inferior	temporal	gyrus	(1)	 Right	 91	 5	 -24	 -53	 53	 3.56	
CLUSTER	3	
Posterior	cingulate	gyrus	 Left	 70	 11	 35	 -35	 -5	 3.76	
CLUSTER	4	
fusiform	gyrus	 Left	 41	 4	 -29	 -27	 -39	 3.67	
	






























Inferior	occipital	gyrus	 Left	 300	 38	 2	 -85	 -29	 -4.79	
Occipital	pole	 Left	 45	 13	 3	 -101	 -11	 -3.45	
Superior	occipital	gyrus	 Right	 58	 12	 27	 -78	 28	 -3.66	
Middle	occipital	gyurs	 Left	 62	 10	 5	 -85	 -29	 -4.72	



















187	 34	 6	 15	 32	 -4.4	








147	 53	 25	 -33	 -45	 -4.69	
Posterior	insula	 139	 49	 8	 -19	 -35	 -5.63	
Transverse	temporal	gyrus	 67	 49	 9	 -23	 -37	 -5.36	
Planum	temporale	 49	 23	 23	 -35	 -49	 -4.21	




96	 17	 3	 27	 -29	 -4.08	
Putamen	 105	 17	 1	 9	 -29	 -4.65	
CLUSTER	5	
Thalamus	Proper	 Right	 88	 7	 3	 -30	 15	 -4.05	
Posterior	cingulate	gyrus	 Left	 43	 7	 15	 -43	 0	 -4.37	
CLUSTER	6	
Medial	orbital	gyrus	 Left	 54	 9	 -19	 11	 -19	 -4.62	
	
2.2.4	Discussion	
Our	 study	 provides	 a	 thorough	 investigation	 of	 the	 effects	 of	 the	 16p11.2	 deletion	 and	


























it	 may	 cause	 registration	 errors	 which	 in	 turn	 can	 propagate	 to	 the	 brain	 segmentation,	
depending	 on	 the	 different	 computational	 methods	 used	 in	 the	 previous	 and	 current	
publications.	
Familial	 and	unrelated	controls	 show	homogeneous	global	and	 regional	 values,	 and	 so	we	
merged	all	the	control	individuals.	We	don’t	find	the	subtle	differences	between	the	unrelated	
controls	and	the	 familial	controls	with	a	relative	carrying	the	deletion,	as	suggested	 in	our	







narrow	 age	 bins	 because	 the	 study-specific	 control	 groups	were	 too	 small	 (less	 than	 100	
individuals)	to	model	the	effect	of	age	reliably.	Here,	despite	the	fact	that	the	NIHPD	data	have	
been	 collected	 with	 a	 1.5T	 magnet,	 the	 model	 for	 the	 effect	 of	 age	 during	 typical	 brain	
development	 is	 robust	 and	 applies	 to	 data	 acquired	 on	 a	 3T	 after	 a	 straightforward	
adjustment.	It	is	known	that	images	acquired	at	3T	and	1.5T	can	differ	due	to	the	presence	of	
different	artifacts	as	well	as	different	inhomogeneity	field	characteristics	(Dietrich	et	al.	2008).	
Other	 studies	 have	 shown	 that	 some	 differences	 in	 signal-to-noise	 and	 contrast-to-noise	
ratios	can	be	found	between	3T	and	1.5T	fields,	and	are	to	a	certain	degree	dependent	on	the	
specific	imaging	protocol	used	(Fushimi	et	al.	2007;	Stanisz	et	al.	2005).	









cortical	 surface	 area	 between	 6	 and	 12	 months	 precedes	 the	 brain	 volume	 overgrowth	
between	12	and	24	months	(Hazlett	et	al.	2017),	across	multiple	brain	regions.	A	longitudinal	
study	did	not	show	an	increased	rate	of	cortical	growth	between	2	and	4-5	years	old,	except	
an	 enlargement	 in	WM	 temporal	 lobe	 (Hazlett	 et	 al.	 2011).	 Similar	 parallel	 trajectories	 of	
global	 brain	 volume	between	 2	 and	 5	 years	 of	 age	were	 observed	 between	 children	with	
fragile	X	syndrome	and	controls,	even	if	they	show	some	specific	increase	in	WM	temporal	
lobe,	 GM	 cerebellum,	 caudate	 nucleus,	 and	 smaller	 amygdala.	 Recently,	 the	 largest	 ASD	
neuroimaging	study	(van	Rooij	et	al.	2017)	analyzed	individuals	between	2	and	64	years	old:	
the	authors	found	differences	in	subcortical	volumes	and	cortical	thickness	from	the	earliest	
age.	 Without	 interaction	 between	 age	 and	 ASD	 diagnosis	 for	 subcortical	 volumes,	 they	
concluded	that	ASD	and	healthy	controls	follow	similar	developmental	trajectories	for	these	
volumes.	However,	they	highlighted	an	interaction	for	the	cortical	thickness	with	a	peak	of	
differences	 around	 adolescence.	 The	 cortical	 thickness	 developmental	 trajectories	 of	 the	
carriers	of	a	22q11.2	deletion	syndrome	are	also	different	than	control	trajectories	for	each	








Neurodevelopmental	 disorders	 and	 genetic-first	 approach	 are	 a	 unique	 situation	 to	 study	
alteration	 of	 brain	 growth	 trajectories.	 Thanks	 to	 a	 continuous	 model	 of	 normative	



















and	 non-reciprocal	 anatomical	 effects	 of	 the	 deletion	 and	 duplication.	We	 demonstrate	 a	
robust	 reciprocal	 alteration	 for	 the	 volume	 and	 surface	 of	 the	 insula	
(deletion>control>duplication,	Cohen’s	d	>	1)	and	non-reciprocal	alterations	in	the	calcarine	
cortex	 and	 transverse	 temporal	 gyrus	 (Cohen’s	 d	 for	 deletion	 >	 1),	 superior	 and	 middle	
temporal	 gyri	 (Cohen’s	 d	 for	 deletion	 <	 -1),	 caudate	 and	 hippocampus	 (Cohen’s	 d	 for	
duplication	between	-0.5	and	-1).	These	alterations	are	stable	in	adults,	adolescents	and	old	
children,	males	and	females.	We	do	not	observe	any	correlation	between	these	brain	regions	
and	measures	of	 general	 cognition,	 language	 scores,	 or	 social	 behavior.	However,	we	 find	
partial	 overlap	with	 regions	 altered	 in	 a	 psychiatric	 cross-disorder	meta-analysis.	We	 also	
highlight	 some	 brain	 differences	 comparing	 familial	 and	 unrelated	 controls:	 controls	 from	
deletion	families	show	changes	in	volume	and	cortical	thickness	of	the	left	posterior	 insula	
and	 right	 lingual	 gyrus,	 compared	 to	 unrelated	 controls.	 We	 hypothetize	 that	 additional	



































but	 also	 with	 over-estimation	 of	 the	 effect	 sizes	 (Button	 et	 al.	 2013).	 Moreover,	 the	
differences	 in	 scanners	 and	 acquisition	 protocols	 could	 lead	 to	 site-to-site	 differences	 in	
resolution,	quality,	and	temporal	signal-to-noise	ratio	(Adhikari	2017).	Our	powerful	sample	
size,	using	T1	MPRAGE	images	(one	of	the	most	standardized	images	in	the	World),	also	allows	









using	 two	widely-used	 software	 programs,	 analyzing	 human	 hippocampal	 and	 intracranial	
volumes:	 they	 conclude	 that	 no	 single	 algorithm	 performs	 better	 for	 measuring	 these	
volumes.	
Finally,	 it’s	 important	to	use	different	metrics	to	understand	the	different	process.	Cortical	
GM	 volume	 is	 decomposed	 into	 its	 orthogonal	 components:	 surface	 area	 and	 cortical	
thickness.	We	 show	 that	most	 of	 the	 volumetric	 differences	 between	 the	 genetic	 groups	
overlap	with	the	surface	area	differences.	The	cortical	thickness	differences	are	lighter.	In	a	
biological	point	of	view,	cortical	thickness	and	surface	area	represent	different	features	of	the	
cortical	 architecture	 (Ecker	et	al.	 2015).	 They	are	believed	 to	arise	 from	different	 types	of	
progenitor	 cells.	 Cortical	 surface	 area	 is	 associated	 with	 the	 production	 of	 radial	 unit	
progenitor	cells	and	reflects	the	number	of	cortical	columns	(Pontious	et	al.	2008;	Rakic	1988;	
Rakic	 &	 Lombroso	 1998):	 increase	 in	 the	 division	 of	 progenitor	 cells	 in	 the	 embryological	
periventricular	 area	 is	 associated	 with	 an	 increased	 cortical	 surface	 area.	 It	 seems	 to	 be	











the	 results	 to	 the	 Neurosynth	 platform,	 to	 decode	 the	 psychological	 terms	 most	 closely	
associated	 with	 the	 main	 structural	 clusters	 of	 the	 findings	 on	 the	 16p11.2	 dataset.	 As	
expected,	we	show	that	temporal	gyri	are	associated	with	language,	phonology,	and	auditory	
terms.	These	regions	are	the	ones	mainly	altered	in	the	deletion	carriers,	and	the	results	are	
in	 coherence	 with	 the	 language	 impairment	 observed	 in	 these	 patients.	 In	 their	 paper,	
Blackmon	 et	 al.	 (2017)	 demonstrate,	with	 a	 different	methodology,	 that	 the	 focal	 cortical	
 	 55	
anomalies	 in	 the	 left	 temporal	 and	 frontal	 areas	 (Broca’s	 area)	 are	 associated	with	 lower	
performance	 on	 comprehensive	 language	 on	 16p11.2	 deletion	 carriers.	 Regarding	 the	 top	
associations	 of	 the	 anterior	 insula	 and	 caudate	 in	 the	 Neurosynth	 platform,	 they	 are	
associated	 with	 terms	 such	 as	 reward,	 pain	 and	 executive	 function.	 Reward	 system	 and	
executive	functions	are	two	critical	domains	in	psychopathology,	in	particular	in	ASD.	
Maillard	 et	 al.	 (2014)	 already	 reported,	 qualitatively,	 the	 overlap	 between	 the	 structures	
altered	in	the	16p11.2	CNV	patients,	with	areas	known	to	be	affected	in	ASD	and	SCZ.	In	our	
paper,	 we	 can	 quantify	 this	 overlap	 with	 a	 Dice	 index,	 using	 a	 large	 cross-disorder	
neuroimaging	meta-analysis	(http://anima.fz-juelich.de	(Goodkind	et	al.	2015)).	We	observe	
a	partial	overlap:	33%	of	overlap	in	mean	for	the	right	and	left	insula.	Insula	is	an	important	
and	 «	 underestimated	 »	 brain	 area	 in	 psychopathology	 (Namkung	 et	 al.	 2017).	 At	 the	
intersection	of	 three	 lobes,	 it	 has	 a	main	 role	 in	 interoception,	 in	 the	 integration	 and	 the	
homeostasis	of	the	body	states.	It	has	a	role	in	the	subjective	feelings	(a	basis	for	the	«	self	»)	
and	 in	 the	 motivation,	 to	 encode	 incentive	 values	 of	 a	 stimulus.	 The	 dysfunction	 of	 the	
dynamic	 interactions	 between	 feelings,	 motivation,	 and	 cognition	 is	 crucial	 in	 a	 lot	 of	
psychiatric	disorders.	This	region	appears	to	be	categorized	as	“high	cost	/	high	values”	hubs	













even	 if	 they	don’t	have	a	 formal	diagnosis,	 they	have	differences	 in	scores	on	some	social	
traits,	compared	to	controls.	The	CNV	is	a	model	to	study	brain	structures,	that	could	overlap	
with	 sub-groups	 of	 ASD-like	 patients.	 We	 also	 observe	 an	 important	 co-morbidity	 in	 the	
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The	 discovery	 of	 some	 of	 these	 additional	 risk	 factors	 would	 be	 decisive	 for	 an	 accurate	
projection	of	 the	 various	 outcomes	 associated	with	 these	pathogenic	 CNVs.	 In	 one	of	 our	




deleterious	 variants.	 Green	 Snyder	 et	 al.	 (2016)	 argue	 that	 the	 phenotypic	 variability	 in	
16p11.2	 duplication	 carriers	 could	 depend	 on	 “double	 hits”	 with	 large	 effect,	 heritable	
common	variants	with	small	effect,	and	non-genetic	factors.		
In	a	study	in	progress,	we	explore	the	differences	between	the	16p11.2	carriers	who	develop	
ASD	 and	 the	 ones	who	 don’t	 (Maillard	 et	 al.,	May	 2017).	We	 identify	 distinct	 clinical	 and	











































of	 proof	 of	 concept,	 to	 adapt	 this	methodology	 to	 our	 dataset,	 is	 a	 first	 step	 toward	 the	



















and	most	of	 them	are	around	0.3	 (van	Erp	et	al.	2015).	The	heterogeneity	of	 the	patients	
diagnosed	with	SCZ	could	cancel	part	or	the	totality	of	some	effects.	On	the	other	side,	large	
effect	sizes	are	observed	in	a	risk	factor	as	the	22q11.2	deletion	syndrome	carriers	(Lin	et	al.	
2017),	 between	 -1	 and	 -2	 Z-scores	 for	 the	 most	 important	 findings.	 Mechanistically	
homogenous	groups	are	closer	to	the	effect	of	the	diseases,	with	Z-scores	closer	to	the	ones	
observed	 on	 cognition.	 Interestingly,	 the	 effect	 sizes	 are	 more	 important	 in	 the	 22q11.2	
deletion	than	the	duplication	 (between	0.5	and	1	Z-scores	 for	 the	most	significant).	This	 is	
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groups.	 For	 sure,	 other	 normative	 data	 with	 3T	 and	 the	 comparison	 of	 normative	 data	
between	1.5	and	3	teslas	would	be	beneficial	to	confirm	the	results.		

























al.	 2017):	 the	 subcortical	 volumes	 don’t	 show	 any	 age	 by	 diagnosis	 interaction,	 but	 the	











Age	effects	appear	to	be	nonlinear	across	a	wide	age	range,	which	may	 limit	 the	ability	 to	
detect	interactions	across	the	lifespan.	Daan	van	Rooij	et	al.	(2017)	use	a	fractional	polynomial	
approach	to	face	this	issue.	Each	paper	develops	its	own	model	or	its	metrics	to	characterize	
the	developmental	 trajectories.	On	 the	 contrary,	 our	 study	 is	 based	on	a	modeling	with	a	
normative	dataset,	and	could	be	easily	transferred	to	another	genetic	risk	factor	for	NDDs	or	
any	types	of	disorders.	Tensor-Based	Morphometry	is	a	great	measure	to	go	over	the	global	
metric	 issue,	 without	 GM-WM	 classification	 issue,	 but	 other	 measurements	 should	 be	
interested	in	 looking	at,	as	the	trajectory	of	cortical	thickness	and	surface	area.	 In	the	first	
study	 of	 my	 thesis,	 we	 show	 some	 potential	 interaction	 between	 older	 age	 and	 cortical	













Further	 steps	 including	 some	multi-modal	 approaches,	 network	 analyses	 and	 some	 other	




























only	 increases	 in	deletion	carriers;	 in	hippocampus	and	globus	pallidus,	 it	only	 increases	 in	
duplication	carriers.	 These	alterations	are	 supported	by	 the	 results	of	behavioral	analyses,	
which	show	differential	relationships	between	mean	diffusivity	and	social	responsiveness,	as	
well	as	FSIQ,	in	several	subcortical	structures.	Interestingly,	caudate	and	hippocampus	are	also	
the	 regions	 we	 highlight	 in	 our	 first	 study	 with	 specifically	 lower	 volumes	 in	 duplication	
carriers	compared	to	controls.	The	opposite	direction	for	diffusion	measurement	(increase)	in	






homolog).	 In	 duplication	 carriers,	 the	 contrast	 is	 increased	 in	 the	 bilateral	 central	 sulcus,	
medial	 visual	 areas	and	 the	 left	primary	auditory	 cortex:	 this	pattern	 is	 aligned	 to	 localize	
abnormalities	 in	 regions	 associated	 with	 low-level	 sensory	 processing.	 These	 additional	
findings	related	to	WM	corroborate	our	results	on	reciprocal	and	non-reciprocal	effects	on	




duplication	 carriers	 (Moreau	 et	 al.,	 October	 2017).	 The	 highest	 proportion	 of	 altered	




previous	 reports	 of	 aberrant	 functional	 connectivity	 in	ASD.	Given	 the	 role	 of	 the	 cortico-
striato-thalamo-cortical	circuitry	in	sensory-motor	processes	and	learning,	these	mechanisms	






resonance	 spectroscopy,	 may	 help	 to	 identify	 some	 chemical	 substrate	 of	 aberrant	
connectivity	(Anagnostou	&	Taylor	2011).	
3.3.3	Study	of	microbiotia	in	the	16p11.2	CNV	carriers	
The	 mechanisms	 underlying	 the	 variability	 of	 the	 16p11.2	 cognitive	 and	 behavioral	
phenotypes	 could	 also	 implicate	 peripheral	 mechanisms	 including	 alterations	 of	 the	 gut	
microbiota.	 Amounting	 evidence	 suggests	 a	 microbiota-gut-brain	 axis,	 with	 bidirectional	
communication	between	the	central	nervous	system	and	the	intestinal	organs	(Foster	et	al.	
2016).	 That	 has	 led	 researchers	 to	 hypothesize	 that	 gut	microbiota	 could	modulate	 brain	
function	via	immune,	neural,	and	metabolic	mechanisms	(Stilling	et	al.	2013).	
Obesity	 is	 among	 the	 most	 common	 comorbidity	 of	 neurodevelopmental	 and	 psychiatric	





gut	 microbiota	 profile	 may	 mediate	 some	 of	 the	 associations	 underlying	 the	 complex	
relationship	between	genes,	cognition,	and	BMI.	Dysbiosis	of	 the	gastrointestinal	 tract	has	
been	associated	with	 cognitive	deficits,	 in	 conditions	 such	as	neurodegenerative	disorders	
(Scheperjans	et	al.	2015)	and	psychiatric	diseases	(Jiang	et	al.	2015;	Son	et	al.	2015).	Animal	
models	studies	corroborate	and	extend	these	human	findings	(Clarke	et	al.	2012;	Neufeld	et	
al.	 2011;	 Bercik	 et	 al.	 2011).	 Gene	 dosage	 at	 the	 16p11.2	 locus	 may	 modulate	 the	 gut	
microbiota,	 which	 could	 have	 an	 impact	 on	 the	 severity	 and	 the	 nature	 of	 the	 observed	
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phenotype.	In	16p11.2	deletion	carriers,	75%	of	adults	develop	obesity	and	among	adult	obese	
patients,	 45%	 are	 morbidly	 obese	 (Zufferey	 et	 al.	 2012).	 The	 investigation	 of	 the	 gut	






Lactobacillus,	 previously	 implicated	 in	 social	 behavior.	 Some	 of	 the	 same	 species	 are	 also	
dysregulated	in	the	16p11.2	mouse	models:	this	highlights	the	role	of	genetics	in	establishing	





probiotic	 medication	 or	 gut	 microbiota	 transplantation	 for	 16p11.2	 CNV	 carriers.	 Indeed,	
previous	 animal	 studies	 have	 shown	 that	 improvement	 in	 behavior	 may	 be	 achieved	 by	




We	 observe	 recurrent	 overlapping	 brain	 regions	 across	 different	 genetic	 risks	 factors	
associated	 with	 SCZ	 and	 ASD.	 A	 recent	 work	 on	 the	 distal	 interval	 of	 the	 16p11.2	 locus,	
containing	the	SH2B1	gene,	find	a	negative	gene	dosage	effect	on	intracranial	volume	and	sub-
cortical	 structures	 (pallidum,	 accumbens,	 and	 caudate,	 putamen),	 independently	 of	 the	
neurodevelopmental	 conditions	 and	 ancestry,	 with	 effect	 size	 around	 -1	 (Sønderby	 et	 al.,	
October	 2017).	As	 the	proximal	 16p11.2	CNVs,	 the	distal	 16p11.2	CNVs	would	have	 some	
common	neuropathological	patterns	underlying	 the	various	clinical	 symptoms.	They	would	
play	a	role	in	the	development	of	the	basal	ganglia	structures,	essential	for	core	phenotypes	














2006;	 Simon	et	 al.	 2005).	 Significant	 age	by	 genetic	 group	 interaction	 is	 found	 for	 cortical	
thickness	in	occipital	and	parietal	regions:	the	typical	pattern	of	decreased	thickness	with	age	
observed	in	controls	(Tamnes	et	al.	2009)	is	not	observed	in	22q11	DS	participants.	The	cortical	











Some	of	 these	brain	 regions	affected	 in	 the	22q11.2	and/or	 the	7q11.23	deletions,	 as	 the	
insula,	the	temporal	giry,	the	cingulate	cortex	and	sone	occipital	regions,	are	similar	to	the	
ones	altered	 in	 the	16p11.2	CNVs	carriers.	A	 formal	and	quantitative	comparison	between	
CNVs	 associated	 with	 NDDs	 is	 required	 to	 understand	 the	 common	 and	 distinct	 neural	
mechanisms	between	several	genetic	risks	factors,	to	characterize	the	probability	of	overlap	




A	 long-term	perspective	 is	 to	perform	a	multivariate	pattern	 classification	of	ASD	and	SCZ	
neuroanatomical	differences	and	to	compare	these	patterns	to	the	ones	related	to	different	
genetic	 loci	 (common	and	 specific	 patterns).	 This	would	 contribute	 to	 identify	ASD	or	 SCZ	




a	 genetic-first	 approach	 with	 several	 genetic	 risks	 factors:	 they	 implemented	 structural	
neuroimaging	in	26	mouse	models	for	genes	associated	with	ASD	and	intellectual	disability.	
Results	 demonstrate	 that	 the	 26	 genetic	 models	 are	 associated	 with	 3	 patterns	 of	
neuroanatomical	alterations,	suggesting	that	different	ASD	genetic	risk	factors	may	converge	










the	 other	 hand,	 neuroimaging	 alterations	 showing	 no	 concordance	 across	 species	 and	
different	 genetic	 risk	 factors	 may	 also	 have	 implications	 for	 translational	 and	 preclinical	









only	 a	 few	 papers	 tried	 to	 isolate	 the	 relative	 contribution	 of	 genes	 responsible	 for	 the	
observed	phenotypes	and	influencing	the	cortical	development.	Lin	et	al.	(2015)	investigated	









variability	 with	 a	 temporal/spatial	 pattern	 of	 genes	 expression	 and	 to	 understand	 the	
genotype-phenotype	relationship	and	the	neurodevelopmental	processes.	
3.4.4	Study	of	CNVs	associated	with	psychiatric	conditions	









traits,	 by	 developing	 predictive	models,	 depending	 on	 the	 characteristics	 of	 the	 disrupted	
genes.	It	will	also	be	important	to	integrate	the	information	from	de	novo,	inherited,	rare	and	
common	variations	(Malhotra	&	Sebat	2012).	Right	now,	despite	the	high	heritability	of	ASD,	










brain	 imaging	phenotypes	and	risks	 for	psychiatric	disorders	 (Lee	et	al.	2016;	Franke	et	al.	
2016;	Smeland	et	al.	2017).	Finally,	the	penetrance	and	variability	of	the	variants	might	be	
influenced	by	complex	interactions	between	genetic,	epigenetic	and	environmental	factors.	






due,	 in	 part,	 to	 their	 heterogeneous	 and	 complex	 genetic	 architecture.	 The	 genetic	 first	








with	 its	effect	 sizes	on	cognitive	and	behavioral	 symptoms.	That	puts	 into	perspective	 the	
much	 smaller	 effect-sizes	 observed	 in	 neuroimaging	 studies	 performed	 in	 groups	 of	 ASD	












they	 may	 help	 to	 the	 diagnosis.	 Many	 genetic	 and	 environmental	 factors	 modify	 brain	
development	 in	 ASD.	 Delineate	 some	 specific	 molecular	 mechanisms	 involved	 in	 ASD,	 as	
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ABSTRACT
BACKGROUND: 16p11.2 breakpoint 4 to 5 copy number variants (CNVs) increase the risk for developing autism
spectrum disorder, schizophrenia, and language and cognitive impairment. In this multisite study, we aimed to
quantify the effect of 16p11.2 CNVs on brain structure.
METHODS: Using voxel- and surface-based brain morphometric methods, we analyzed structural magnetic
resonance imaging collected at seven sites from 78 individuals with a deletion, 71 individuals with a duplication,
and 212 individuals without a CNV.
RESULTS: Beyond the 16p11.2-related mirror effect on global brain morphometry, we observe regional mirror
differences in the insula (deletion . control . duplication). Other regions are preferentially affected by either the
deletion or the duplication: the calcarine cortex and transverse temporal gyrus (deletion . control; Cohen’s
d . 1), the superior and middle temporal gyri (deletion , control; Cohen’s d , 21), and the caudate and
hippocampus (control . duplication; 20.5 . Cohen’s d . 21). Measures of cognition, language, and social
responsiveness and the presence of psychiatric diagnoses do not inﬂuence these results.
CONCLUSIONS: The global and regional effects on brain morphometry due to 16p11.2 CNVs generalize across site,
computational method, age, and sex. Effect sizes on neuroimaging and cognitive traits are comparable. Findings
partially overlap with results of meta-analyses performed across psychiatric disorders. However, the lack of
correlation between morphometric and clinical measures suggests that CNV-associated brain changes contribute
to clinical manifestations but require additional factors for the development of the disorder. These ﬁndings
highlight the power of genetic risk factors as a complement to studying groups deﬁned by behavioral criteria.
Keywords: 16p11.2, Autism spectrum disorder, Copy number variant, Genetics, Imaging, Neurodevelopmental
disorders
https://doi.org/10.1016/j.biopsych.2018.02.1176
Autism spectrum disorder (ASD) and related neurodevelopmental
disorders are deﬁned behaviorally and characterized by a signif-
icant clinical and etiologic heterogeneity. As a consequence,
investigating ASD under the assumption of an underlying homo-
geneous condition has resulted in controversial ﬁndings in the
ﬁeld of neuroimaging (1). Increased brain growth early in devel-
opment (2–4) and alterations of many regional brain volumes (5)
have been implicated in ASD, but results have proven difﬁcult
to replicate (1,6–8).
To mitigate some of these issues, cohorts of individuals with
shared genetic risk factors have been assembled to minimize the
noise introduced by etiologic and biological heterogeneity (9).
Such a “genetic-ﬁrst” study design provides the opportunity to
investigate a given neurodevelopmental risk (and associated
mechanism) shared by individuals who carry the same genetic
etiology irrespective of the psychiatric diagnosis.
Copy number variants (CNVs) at the 16p11.2 (breakpoints
4–5, 29.6–30.2 Mb-hg19) (10) are among the most frequent risk
factors for neurodevelopmental and psychiatric conditions.
There is a similar 10-fold enrichment of deletions and dupli-
cations in ASD cohorts (11,12), and both CNVs have large
effects on IQ (Z scores of 1.5 and 0.8, respectively) and Social
Responsiveness Scale (SRS) (Z scores of 1 and 2, respectively)
(10,13–15). However, there are phenotypic differences be-
tween both CNVs: the 10-fold enrichment in schizophrenia
cohorts (16,17) is only observed for duplications, and only
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deletions affect measures of language by 1.5 Z scores (18).
Previous studies demonstrated “mirror” effects of both CNVs
on head circumference and body mass index (13,19). Neuro-
imaging studies reported gene-dosage effects on global brain
metrics (20,21). However, large global effects and sample size
limited the interpretation of the regional analyses, any estimate
of effect size, and the generalizability of study results across
different ascertainments.
In the current study, we aimed at quantifying the effects of
16p11.2 deletions and duplications on brain structure. We also
examined the generalizability of our results across cohorts,
scanning sites, sex, and a broad age range. Finally, we aimed
at understanding the inﬂuence of clinical ascertainment. In
particular, we asked whether language, social responsiveness,
IQ, or the presence of psychiatric disorders may impact any of
the ﬁndings. To this end, we analyzed structural magnetic
resonance imaging (MRI) performed at seven sites from two
international cohorts of 16p11.2 CNV carriers, familial control
subjects, and unrelated control subjects. Voxel- and surface-
based methods were performed in parallel on 361 partici-
pants, including 307 individuals not previously analyzed at the
regional level, using whole-brain statistical methods.
METHODS AND MATERIALS
Participants
Data were acquired in two different cohorts in North America
and Europe. Enrollment in the Simons Variation in Individuals
Project (22) included referral by clinical genetic centers or web-
based networks, or active online registration of families, while
in the European 16p11.2 consortium the families were directly
recruited by the referring physician.
Carriers were ascertained regardless of clinical diagnoses or
age. The CNV carriers were either probands (n = 76) referred to
the genetic clinic for the investigation of neurodevelopmental
and psychiatric disorders, or their relatives (parents [n = 49],
siblings [n = 14], and other relatives [n = 10]). Familial control
subjects were relatives who do not carry a 16p11.2 CNV.
All families participated in a larger phenotyping project, as
previously reported (10,13,20–22). Trained neuropsychologists
performed all cognitive and behavioral assessments, including
tests of overall cognitive functioning (nonverbal IQ [NVIQ])
(23–27) and phonological skills (standard score of the nonword
repetition) (28,29). Participants also completed a broad
screening measure of social impairment, the SRS (30). Expe-
rienced, licensed clinicians provided clinical DSM-5 diagnoses
(31), using all information obtained during the research evalu-
ation. NVIQ scores and psychiatric diagnoses were available
for all participants. SRS total score was available for 77% of
the participants (72 of 78 deletion carriers, 57 of 71 duplication
carriers, and 149 of 212 control subjects), and phonological
measures for 43% of the participants (56 of 78 deletion car-
riers, 19 of 71 duplication carriers, and 81 of 212 control
subjects). Full description of cognitive and psychiatric
assessment is available in the Supplemental Methods and
Materials.
We analyzed data from 78 16p11.2 (breakpoints 4–5) dele-
tion carriers, 71 duplication carriers, 72 familial control sub-
jects, and 140 unrelated control subjects, including data not
previously analyzed at the regional level on 64 deletion carriers,
54 duplication carriers, 51 familial control subjects, and 138
unrelated control subjects. The latter were selected among
volunteers from the general population who had neither a
major DSM-5 diagnosis nor a relative with a neuro-
developmental disorder.
The study was approved by the institutional review boards
of each consortium. Signed informed consent was obtained
from the participants or legal representatives. Full description
of participants is available in Table 1, Supplemental Table S1,
and the Supplemental Methods and Materials.
MRI Data Acquisition and Processing
The MRI data included T1-weighted (T1w) anatomical images
acquired at seven sites using different 3T whole-body scan-
ners: Philips Achieva (Philips Healthcare, Andover, MA) and
Siemens Prisma Syngo and TIM Trio (Siemens Corp., Erlangen,
Germany). Four sites used multiecho sequences for 264 par-
ticipants (52 deletion carriers, 51 duplication carriers, 21 fa-
milial control subjects, and 140 unrelated control subjects),
and three sites used single-echo sequences for 97 participants
(26 deletion carriers, 20 duplication carriers, and 51 familial
control subjects). Thirty-four scans were excluded from the
analysis based on standardized visual inspection, which
identiﬁed signiﬁcant artifacts potentially compromising the
accurate tissue classiﬁcation and boundary detection (details
in Supplemental Methods and Materials).
Surface-Based Morphometry. In FreeSurfer 4.5.0 (http://
surfer.nmr.mgh.harvard.edu), each participant’s T1w image
was registered to a custom hybrid template consisting of 48
subjects (12 deletion children, 12 noncarrier children, 12 dupli-
cation adults, and 12 noncarrier adults) (21). Then, we used
FreeSurfer’s volumetric (32) and surface-based (33) algorithms
with default settings. We estimated the total intracranial volume
(eTIV) (34), global brain measures, cortical thickness, and sur-
face area. The cortical thickness and surface area maps were
resampled in fsaverage5 space and spatially smoothed with a
Gaussian kernel of 8-mm full width at half maximum.
Voxel-Based Morphometry. In parallel we processed
subjects’ T1w data within the computational anatomy frame-
work of SPM12 (http://www.ﬁl.ion.ac.uk/spm). T1w images
were classiﬁed in different brain tissue classes using the
“uniﬁed segmentation” (35) and an enhanced set of brain tis-
sue priors (36). Aiming at optimal spatial registration, we
applied the diffeomorphic registration algorithm DARTEL (37)
followed by a Gaussian spatial smoothing with 8-mm full
width at half maximum. Of note, total intracranial volume
computed by SPM is referred to as TIV.
Regions of interest were extracted using maximum proba-
bility tissue labels (http://www.neuromorphometrics.com)
within SPM12 using data from the OASIS project (http://www.
oasis-brains.org).
All MRI scanning parameters and processing are detailed in
the Supplemental Methods and Materials.
Data Analysis
Our whole-brain voxel-based morphometry (VBM) (38) analysis
used a factorial design to test for gene dosage–related local
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gray matter (GM) volume differences within the general linear
model framework of SPM12 (39). SPM t maps were generated
with a voxel-level threshold of p , .05 after familywise error
correction for multiple comparisons over the whole GM volume
using Gaussian random ﬁeld theory (40). We generated
Cohen’s d maps from familywise error–corrected t scores to
show the unbiased magnitude of the effects (Supplemental
Methods and Materials).
Surface-based analyses tested regional differences in
cortical thickness and surface area using linear models. For
each vertex in the cerebral cortex surface mesh, we ran a
multiple regression analysis. The vertexwise results were cor-
rected for multiple comparisons at a false discovery rate of q ,
.05 (41,42) (Supplemental Methods and Materials).
The main effects of linear and quadratic expansions of age,
sex, MRI site, and NVIQ were included as additional variables.
The cubic expansion of age did not show any signiﬁcant effect
and was subsequently removed from all analyses. In an
attempt to increase the power of our analyses we controlled for
the effect of the seven scanning sites by introducing them as a
random factor in a linear mixed model. This approach did not
change the obtained results.
Z scores for global brain metrics were obtained in CNV car-
riers and familial control subjects using the adjusted measures
from unrelated control subjects as the reference population.
Regional analyses were also corrected for the SPM estimate
of TIV, the mean cortical thickness, or the total cortical surface
area. In addition to the linear effect of gene dosage, we
investigated the quadratic term to identify nonreciprocal ef-
fects of both CNVs. Post hoc analyses comparing deletion
carriers and control subjects as well as duplication carriers and
control subjects identiﬁed regions predominantly altered by
each CNV.
We analyzed the interaction of the genetic groups with the
regressors (age, sex, MRI site, NVIQ) as well as the MRI pa-
rameters (single-echo vs. multiecho) and three other clinical
variables: SRS, phonological processing (nonword repetition),
and psychiatric diagnoses. NVIQ did not show any signiﬁcant
effect and was removed from the analyses on the whole
dataset. Dice index was computed to estimate the overlap
between 16p11.2-related alterations and statistical maps ob-
tained from a large cross-disorder neuroimaging meta-analysis
(http://anima.fz-juelich.de) (43). We computed the rate of
overlap between both maps. Finally, to motivate future hy-
potheses we relied on the Neurosynth database (http://
neurosynth.org) to meta-analytically decode the functional
association of the structural alterations observed in the gene
dosage analyses of the 16p11.2 CNV carriers. All these ana-
lyses are detailed in the Supplemental Methods and Materials.
Linear models on global metrics and regions of interest were
performed in R, version 3.2.5 (http://www.r-project.org; R
Project for Statistical Computing, Vienna, Austria), and voxel-
and surface-based analyses in MATLAB 2016b (The Math-
Works, Inc., Natick, MA).
RESULTS
Demographics
We analyzed 78 deletion carriers, 71 duplication carriers, and
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Supplemental Table S1), including new data on 138 individuals
and data on 307 individuals not previously analyzed with
whole-brain statistical methods. Age ranges from 6 to 63
years. Deletion carriers and control subjects from the Simons
Variation in Individuals Project cohort are younger than the
same groups in the European cohort, and deletion carriers
overall are younger than the other groups. There is no sig-
niﬁcant difference in sex ratio across genetic groups and
cohorts. Mean NVIQ is 81 and 89 in deletion carriers, and 78
and 89 in duplication carriers for the European and Simons
Variation in Individuals Project cohorts, respectively. Ninety
percent of the deletion carriers, 69% of the duplication
carriers, and 25% of familial control subjects meet criteria for
at least one psychiatric diagnosis. Twelve categories of di-
agnoses are recorded across the CNV carrier groups,
including ASD in 13% of deletion carriers and 11% of
duplication carriers (Table 2).
Global Brain Metrics
Head circumference Z scores (Table 1) and eTIV (Figure 1A)
correlate negatively with the number of genomic copies of the
16p11.2 locus in both cohorts. Both GM and white matter total
volumes contribute to this effect on eTIV (Figure 1B, C). The
effect sizes on global brain metrics are up to 1 Z score for the
deletion and approximately 20.4 Z score for the duplication
(Supplemental Table S2). FreeSurfer and SPM estimates of
TIV, GM, and white matter are comparable across groups,
cohorts, and MRI parameters (Supplemental Figure S1). Gene
dosage preferentially affects cortical surface area and not
thickness (Figure 1E, F). Of note, age-related thinning of
cortical thickness is not signiﬁcantly different between genetic
groups (Supplemental Figure S2).
Regional Brain Differences Related to the 16p11.2
CNVs
In both cohorts, the whole-brain VBM analysis shows a
negative relationship between the number of genomic
copies at the 16p11.2 locus and the volume of several brain
regions. Alterations with an effect size .1 Cohen’s
d (detected with a conservative power of 74.4% for family-
wise error–corrected p , .05) include the bilateral anterior
and posterior insula, transverse temporal gyrus, and cal-
carine cortex (Figure 2A, Supplemental Table S3). Regions
with smaller volumes in deletion carriers compared with
control subjects and duplication carriers include the bilateral
precentral gyrus and middle and superior temporal gyri.
Altered regions with smaller effect sizes are detailed in
Supplemental Table S3.
There is a high degree of overlap between VBM ﬁndings
with large effects and regional cortical surface area alterations,
namely the insula, transverse temporal gyrus, and calcarine
cortex (negative gene dosage), as well as the precentral gyrus
Table 2. DSM-5 Diagnoses
Deletion Familial Control Subjects Duplication
EU (n = 25) SVIP (n = 53) EU (n = 45) SVIP (n = 27) EU (n = 23) SVIP (n = 48)
Neurodevelopmental Disorders 3 5 – – 4 6
Intellectual Disability
Communication disorder 16 53 – 2 – 3
Autism spectrum disorder – 10 – 1 2 6
Attention-deﬁcit/hyperactivity disorder 2 12 2 4 1 7
Speciﬁc learning disorder 1 14 1 – 4 4
Motor disorder, tic disorder – 26 – 1 1 9
Schizophrenia Spectrum and Other Psychotic Disorders – – – – 1 –
Bipolar and Related Disorders – – – – 1 –
Depressive Disorders 2 3 7 1 5 9
Anxiety Disorders 2 7 – 3 9 13
Obsessive-Compulsive and Related Disorders 1 1 – – 1 2
Trauma and Stressor-Related Disorders 1 – – – – 2
Elimination Disorders 5 14 – 2 1 2
Disruptive, Impulse-Control, and Conduct Disorders 1 5 – – – –
Substance-Related and Addictive Disorders 3 – – – 1 –
Feeding and Eating Disorders – – 2 – – –
Other Conditions That May Be a Focus of Clinical Attention – 9 – – – 9
From the DSM-5 (31).
A total of 20 of 25 European (EU) cohort deletion carriers (80%) had at least one psychiatric diagnosis: 11 had one diagnosis and 9 had several
diagnoses (between two and ﬁve); 17 of 23 EU cohort duplication carriers (74%) had at least one psychiatric diagnosis: 7 had one diagnosis and 10
had several diagnoses (two or three); 9 of 45 familial control subjects (20%) had at least one psychiatric diagnosis: 6 had one diagnosis and 3 had
two diagnoses. In the Simons Variation in Individuals Project (SVIP) dataset, 50 of 53 deletion carriers (94.3%) had at least one psychiatric diagnosis:
6 had one diagnosis and 44 had several diagnoses (between two and eight); 32 of 48 SVIP duplication carriers (66.6%) had at least one psychiatric
diagnosis: 10 had one diagnosis and 22 had several diagnoses (between two and ﬁve); 9 of 27 familial control subjects (33%) had at least one
psychiatric diagnosis: 4 had one diagnosis and 5 had two diagnoses. In both cohorts, unrelated control subjects without psychiatric diagnosis
were recruited.
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and superior and middle temporal gyri (positive gene dosage).
Regions with smaller effect size and no overlap are shown in
Figure 3; Supplemental Figure S3A, C; and Supplemental
Table S4. Cortical thickness, on the other hand, shows little
overlap with the VBM results (Figure 3; Supplemental
Figure S3B, D; and Supplemental Table S5).
Figure 1. Effects of gene dosage on global brain measures in the European (EU) and Simons Variation in Individuals Project (SVIP) cohorts. Boxplots of (A)
estimated total intracranial volume (eTIV), (B) gray matter (GM) volume, (C) white matter (WM) volume, (D) ventricular volume, (E) cortical surface area, and (F)
mean cortical thickness in each genetic group separately for the EU and SVIP cohorts. Gene dosage effect is estimated with a linear model using the number of
16p11.2 genomic copies (1, 2, or 3), and including linear and quadratic expansions of age, sex, nonverbal IQ, and magnetic resonance imaging site as ﬁxed
covariates. In each box, the bold line corresponds to the median. The bottom and top of the box show the 25th (quartile 1 [Q1]) and 75th (quartile 3 [Q3])
percentiles, respectively. The upper whisker ends at the largest observed data value within the span from Q3 to Q3 1 1.5 3 the interquartile range (Q3 2 Q1),
and lower whisker ends at the smallest observed data value within the span for Q1 to Q12 (1.53 interquartile range). Circles that exceed whiskers are outliers.
Post hoc comparisons show Bonferroni-corrected p values.
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These regional results are not inﬂuenced by subjects’ age,
sex, cohort, MRI site, or MRI protocol (multiecho vs. single-
echo): None of the variables shows an interaction with genetic
groups (Figure 2B, Supplemental Figures S4 and S5A). In
particular, a subgroup of participants who underwent both
multi- and single-echo protocols presents the same alterations
(Supplemental Figure S5B). NVIQ does not show any main
effect on regional brain structure and was removed as a co-
variate for the subsequent analyses. Given the above obser-
vations, we pooled all data.
Relationship Between Total Brain Volume and
Regional Differences
We examined the contribution of global differences to regional
alterations. There was no relationship between global metrics
and any of the aforementioned large effect regional ﬁndings,
even after adding GM volume as a covariate in the VBM ana-
lyses. We then tested for correlations between eTIV and the
raw or adjusted volumes of some signiﬁcant regions
(Supplemental Figure S6). This demonstrates that small,
average, or large brains contribute equally to the regional ef-
fects of 16p11.2 CNVs.
Mirror Effects Versus Differential Contribution of
CNVs to Regional Differences
To differentiate reciprocal from nonreciprocal effects driven by
either the deletion or the duplication carriers, we compared the
linear and quadratic effects of gene dosage. The nonreciprocal
effects of the 16p11.2 deletion and duplication identiﬁed by the
quadratic term are detailed in Supplemental Figure S7. Post
hoc analyses show that the deletion preferentially impacts the
volume and surface area of the calcarine cortex and the
Figure 2. Effects of gene dosage on regional gray matter volume in the Europe (EU) and Simons Variation in Individuals Project (SVIP) cohorts. (A) Left
panels (deletion . duplication) show voxel-based whole-brain maps, with the volumes of regions showing a negative relationship with the number of 16p11.2
genomic copies. Right panels (deletion , duplication) present the volumes of regions showing a positive relationship with the number of 16p11.2 genomic
copies. (B) Negative and positive gene dosage effects on gray matter volume following a leave-one-out approach by systematically removing one of the
magnetic resonance imaging sites. All the analyses are controlled for linear and quadratic expansions of age, sex, magnetic resonance imaging site, total
intracranial volume, and nonverbal IQ. Results signiﬁcant at a threshold of p , .05 familywise error corrected for multiple comparisons are displayed in
standard Montreal Neurological Institute space. Color bars represent Cohen’s d. L, left; R, right.
Effects of 16p11.2 Copy Number Variants on Neuroanatomy
258 Biological Psychiatry August 15, 2018; 84:253–264 www.sobp.org/journal
Biological
Psychiatry
transverse temporal gyrus (deletion . control) and the superior
and middle temporal gyri (deletion , control), with absolute
effect size .j1j Cohen’s d. The duplication carriers do not
show any neuroanatomical differences with effect size .j1j
Cohen’s d. We observe GM volume changes in the caudate
and hippocampus with Cohen’s d between j0.5j and j1j
(duplication , control) (Figure 4B, Supplemental Table S6).
Differences with smaller effect sizes or identiﬁed only by one of
the analytical methods such as alterations in the cerebellum,












Figure 3. Overlap between voxel-based and surface-based results for cortical alterations associated with gene dosage. The relationship between gene
dosage and the morphometric features was compared in the pooled sample (n = 361). The voxel-based and surface-based statistical maps are thresholded at
the multiple comparisons–corrected p value and then projected on the cortical surface mesh. Regions with effect size $1 Cohen’s d and overlapping between
voxel-based and surface-based analyses are (A) the bilateral insula, transverse temporal gyrus, calcarine cortex and (B) the precentral, superior and middle
temporal gyri. L, left; R, right; VBM, voxel-based morphometry.
Figure 4. Differential and overlapping contribution of deletion and duplication to the regional gray matter volume differences. (A) Results of voxel-based
whole-brain maps from the conjunction analysis of both negative (deletion . control AND control . duplication) and positive (deletion , control AND con-
trol , duplication) gene dosage. The main mirror pattern is the insula. (B) Results of voxel-based whole-brain maps showing the effect size in regions with
larger volume in deletion carriers compared with control subjects (deletion . control), in control subjects compared with duplication carriers (control .
duplication), in regions with smaller volume in deletion carriers compared with control subjects (deletion , control), and in control subjects compared with
duplication carriers (control , duplication). Results signiﬁcant at a voxel-level threshold of p , .05 familywise error corrected for multiple comparisons are
displayed in standard Montreal Neurological Institute space. Color bars represent t scores for panel (A) and Cohen’s d for panel (B). CTRL, control individuals;
DEL, deletion carriers; DUP, duplication carriers; L, left; R, right.
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Supplemental Table S6 and Supplemental Figures S8A–D and
S9C–F.
The reciprocal mirror effects of the 16p11.2 deletion and
duplication are restricted to the bilateral insula. The post hoc
conjunction analysis shows that the deletion is associated with
an increase of the volume and surface area of the insula, and
the duplication is associated with a decrease of this region
(Figure 4A, Supplemental Table S6). We do not observe
reciprocal effects of gene dosage for cortical thickness mea-
surements (Supplemental Figure S9A, B).
Relationship With Psychiatric Diagnosis and
Cognitive Traits
Because the 16p11.2 locus is associated with more than one
psychiatric diagnosis, we quantiﬁed the overlap of our ﬁndings
with a large, cross-disorder neuroimaging meta-analysis
[http://anima.fz-juelich.de (43)]. We observe that the 16p11.2-
related VBM map overlaps 33% of the meta-analytic map
(Dice index): 46% for the cluster including the left insula, 28%
for the right insula, and none for the dorsal anterior cingulate
cortex.
We used Neurosynth to meta-analytically decode the psy-
chological terms most closely associated with the main
anatomical clusters identiﬁed in the VBM analysis. Supplemental
Table S7 illustrates the domains most associated with each
cluster. The transverse, superior, and middle temporal gyri (re-
gions predominantly affected in deletion carriers) show top as-
sociations with language, phonology, and auditory terms. The
anterior insula and caudate (alterations found in duplication
carriers) are associated with terms such as reward, pain, and
executive function (Supplemental Figure S10). Recognizing such
inverse inferences can provide hypotheses for future studies but
are unable to support strong conclusions.
However, the measures of NVIQ, SRS, and phonological
processing measured in participants do not show main effects
or interact with the gene dosage effects. The presence of low
general intelligence (NVIQ), language impairment (measured by
phonological processing), or poor social skills (SRS), or the
presence and number of comorbid psychiatric diagnoses,
does not change any of the neuroanatomical ﬁndings associ-
ated with the 16p11.2 deletion or duplication.
Ascertainment and Additional Factors Contributing
to Changes in Brain Structure
We tested whether ascertaining carriers for neuro-
developmental symptoms could bias our results. Because
clinical ascertainment may enrich as well for additional neu-
rodevelopmental factors present in CNV carriers and their
families, we investigated potential brain alterations in the family
members who do not carry a 16p11.2 CNV. Comparing control
subjects from deletion families (n = 51) and unrelated control
subjects shows changes in volume and thickness with medium
effect size (.0.5 Cohen’s d) of the left posterior insula and right
lingual gyrus; changes of volume also include the putamen and
hippocampus (Figure 5, Supplemental Figure S14E). No effect
was found for the cortical surface area (Supplemental
Figure S13E).
However, comparing deletion or duplication carriers with fa-
milial or unrelated control subjects does not change any of the
global (Supplemental Table S2 and Supplemental Figure S11) or
regional ﬁndings reported above (Supplemental Figures S12,
S13A–D, and S14A–D).
DISCUSSION
This large, multisite dataset combines new and previously
published data to expand our understanding of the neuroan-
atomical differences associated with 16p11.2 deletions and
Figure 5. Contribution of familial control subjects to the regional gene dosage-dependent gray matter volume differences. Results of voxel-based whole-
brain maps showing (A) regions with larger volume in control subjects from deletion families (n = 51) compared with unrelated control subjects (n = 140); and
(B) regions with smaller volume in control subjects from duplication families (n = 21) compared with unrelated control subjects (n = 140). Results signiﬁcant at a
voxel-level threshold of p, .05 familywise error corrected for multiple comparisons are displayed in standard Montreal Neurological Institute space. Color bars
represent effect size (Cohen’s d). L, left; R, right.
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duplications. The effect of the reciprocal CNVs on brain
structure is generalizable across heterogeneously ascertained
cohorts and remains signiﬁcant beyond differences in MRI
scanners, imaging protocols, analysis with two complementary
computational methods, sex, age, and presence and number
of comorbid psychiatric diagnoses. We extend previous neu-
roimaging studies by characterizing the reciprocal and differ-
ential effect of deletions and duplications on brain structure.
While 16p11.2 deletions and duplications impact reciprocally
bilateral insula [a gateway for sensory interoception, self-
recognition, and emotional awareness (44)], differences in
other brain areas are predominantly associated with either
CNV.
Recent publications have questioned the reliability of neu-
roimaging studies that are prone to both type I and II errors
(45). Our results provide robust estimates for CNV effect sizes
on brain structure. Our sample size is adequate to detect the
large effects associated with both CNVs, greatly reducing the
probability of spurious ﬁndings. In imaging genetics, it has
often been assumed that genetic variants may have larger
effects on imaging phenotypes than on clinical traits or psy-
chiatric risk (45). Our study shows, however, that the effect size
of CNVs on brain structure is similar to their effect previously
published for cognitive and behavioral traits (13,18). The effect
of the deletion is approximately twice that of the duplication for
global and regional brain volumes as well as clinical traits (such
as IQ loss) (13).
The brain regions showing gene dosage effects are
implicated in phonology, language, reward, and executive
function networks. These are diverse functions that are each
complex and heterogeneous. Nonetheless, the associations
raise hypotheses for future studies. Similarly, the spatial
overlap between our ﬁndings and the meta-analytical results
performed across all Axis I psychiatric diagnoses from the
DSM-IV-TR (43) may provide clues to pathological patterns
underlying the risk for psychiatric diagnoses conferred by
16p11.2 CNVs.
The effects of CNVs on brain structure are not changed by
ascertainment for either neurodevelopmental or psychiatric
symptoms. Differences in IQ, language ability, or social
responsiveness or the presence and number of psychiatric
diagnoses do not inﬂuence any of the ﬁndings. We have pre-
viously reported a similar observation for cognition showing
that the 16p11.2 deletion is associated with a decrease in IQ of
25 points regardless of whether carriers have intellectual dis-
abilities or intelligence in the normal range (13).
This observation is consistent with an additive model un-
derlying psychiatric disorders (46). Under this assumption,
brain alterations associated with CNVs contribute to, but do
not necessarily correlate with, a psychiatric diagnosis because
additional brain alterations or other factors are required for the
onset of the disorder. This is in agreement with studies
demonstrating that GM changes in the superior temporal gy-
rus, insula, and cingulate are observed in individuals both
diagnosed with psychosis and at high risk for developing
psychosis (47).
Contrasting familial and unrelated control subjects reveals
regional differences partially overlapping with the 16p11.2
gene dosage alterations. Of note, these alterations involve
cortical thickness as opposed to CNV-related cortical surface
changes. This may suggest the presence of additional factors
in these families ascertained in the neurodevelopmental
clinic. Assortative mating in families (in particular when the
CNV is inherited) may also contribute to an increase of risk
factors (48).
We are not implying that our ﬁndings are speciﬁc to the
16p11.2 locus. Differences in global and local GM volumes
as well as surface and thickness have been observed in
similar regions in 22q11.2 deletion carriers, another large-
effect-size genetic risk factor for psychiatric conditions
(49–51). They are also reminiscent of decreased regional
volumes in brain areas associated with emotion and face
processing demonstrated in individuals with a 7q11.23
deletion (52,53). It is still unclear whether these shared al-
terations in brain structure relate to similar changes in tis-
sue properties and underlying molecular mechanisms, but
they may suggest neuroanatomical convergence across
different genetic risk factors. This is illustrated by a study of
several genetically modiﬁed mouse models of ASD and in-
tellectual disability showing that their regional neuroana-
tomical alterations can be grouped in three different
clusters (6).
Limitations
The broad age range of our dataset (6–63 years of age) is a
potential limitation. However, we did not ﬁnd any interaction
between age and effects of gene dosage. The global and
regional alterations remain unchanged in age-speciﬁc sub-
groups, with the caveat of a signiﬁcant decrease in power
(Supplemental Figures S2 and S4A). The developmental
onset of global and regional differences in 16p11.2 CNV
carriers remains unknown, but the insula, striatum, and thal-
amus are also altered in a 7-day-old 16p11.2 deletion mouse
model (54,55), suggesting an early developmental effect.
However, speciﬁc anatomical effects are difﬁcult to interpret
between humans and mouse models. The multisite data
represents another limitation and can introduce false-positive
ﬁndings. However, investigating the impact of sites using
main as well as random effects did not identify any biases
introduced by the different scanners: this means that the
effect of the CNV may be more important than the noise
introduced by the multiple MRI sites. Finally, the missing
clinical data may limit our power to detect correlations be-
tween the brain morphometric measurements and the
cognitive and clinical data.
The strong results of this multisite genetic-ﬁrst neuro-
imaging study provide a robust characterization of 16p11.2
deletion and duplication effects on neuroanatomy. The
deletion and duplication of the same genetic interval may
affect brain regions in opposing ways, but other structures
are preferentially altered by one of the two CNVs. The
morphometric effect sizes are comparable to those previ-
ously recorded on cognitive traits. Results are generalizable
across sites, computational methods, age, sex, and ascer-
tainment for psychiatric or neurodevelopmental disorders.
This suggests that these brain alterations are related to the
risk conferred by the CNVs rather than the clinical manifes-
tations observed in carriers. This highlights the relevance of
studying genetic risk factors as a complement to groups
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deﬁned on the basis of behavioral criteria. Future longitudinal
studies are required to establish the onset of these
alterations.
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Supplemental Methods & Materials 
Participants 
Participants below 6 years old were excluded. Participants with lower intelligence quotient (IQ) 
and severe externalized behavior and anxiety were unable to undergo the scanning procedure. 
Thirty-four scans were excluded from the analysis based on standardized visual inspection which 
detected the following image artefacts: incomplete head coverage, ghosting, inhomogeneities, and 
susceptibility artefacts. We scored each individual image for the abovementioned artefacts using 
a scale from 1 to 4 (1=extensive, 4=non-existent). Images scoring 3 or 4 in the scale were not used 
in the analyses. We applied a second level of inspection after the first step of the pre-processing 
in order to check if the tissue segmentation succeed or failed. If failed, the segmentation was done 
again. 
 
Psychiatric and cognitive assessments 
We pooled IQ assessments using the Wechsler intelligence scales, Wechsler Abbreviated Scale of 
Intelligence or Differential Abilities Scale (1-5). We used nonverbal IQ (NVIQ) standardized to a 
mean (standard deviation) of 100 (15), and four IQ subtests: block design, matrices, vocabulary 
and verbal similarities. Phonological skills were evaluated in the American cohort with the 
comprehensive test of phonological processing – non-word Repetition subtest (6) and in the 
European cohort with the developmental neuropsychological assessment - nonword repetition task 
Martin-Brevet et al.  Supplement 
2 
(7). Parents completed the social responsiveness scale, SRS (8)– an extensively validated 
quantitative measure of characterizing traits and symptoms of the autistic syndrome– about their 
offspring 4-18 years old. The SRS-Adult version was completed for each parent by a spouse or 
partner. Raw scores were used to provide greater differentiation of scores at the lower and higher 
end of the scales. 
Experienced, licensed clinicians provided clinical DSM-V diagnoses (9), using all information 
obtained during the research evaluation. In Europe, participants underwent a Diagnostic Interview 
for Genetic Studies (DIGS) (10) in case of suspicion of a psychiatric diagnosis, and an Autism 
Diagnostic Interview (ADI-R) (11) in case of suspicion of autism. In North America, the Autism 
Diagnostic Observation Schedule (ADOS) (12), ADI-R, Vineland-II (13) and Social 
Communication Questionnaire (14) were systematically performed. Unrelated controls with any 
major DSM-V diagnosis or with a family member diagnosed with neurodevelopmental disorders 
or genetic abnormalities were excluded. Data have been collected on the entire dataset for NVIQ 
and the number of psychiatric diagnosis. Numbers for the other measures are detailed in Table 1 
and Supplemental Table S1. 
 
MRI data acquisition and processing 
16p11.2 European Consortium. MRI data of the EU participants were acquired on two 3T 
whole-body scanners: 14 carriers of a 16p11.2 deletion and 17 duplication carriers, together with 
59 controls (21 familial and 38 unrelated controls) were examined on a Magnetom TIM Trio 
(Siemens Healthcare, Erlangen, Germany), using a 12-channel RF receive head coil and RF body 
transmit coil. New data from 17 carriers (11 deletions, 6 duplications) and 24 familial controls 
were scanned on a Magnetom Prisma Syngo (Siemens Healthcare, Erlangen, Germany) using a 
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64-channel RF receive head coil and RF body transmit coil. T1-weighted (T1w) anatomical 
images acquired with the TIM Trio scanner used a Multi-Echo Magnetization Prepared RApid 
Gradient Echo sequence (ME-MPRAGE: 176 slices; 256×256 matrix; echo time (TE): TE1 = 1.64 
ms, TE2 = 3.5 ms, TE3 = 5.36 ms, TE4 = 7.22 ms; repetition time (TR): 2530 ms; flip angle 7°). 
On the Prisma Syngo scanner, T1w images were acquired using a single-echo MPRAGE sequence 
(176 slices; 256×256 matrix; TE = 2.39 ms; TR = 2000 ms; flip angle 9°).  
Simons VIP study. Data were acquired using multi and single-echo sequences. Overall, 174 
participants (38 deletion carriers, 34 duplication carriers and 102 unrelated controls) underwent 
the research MRI protocol at two imaging core sites on matched 3T Magnetom TIM Trio MRI 
scanners (Siemens Healthcare, Erlangen, Germany), using the vendor-supplied 32-channel 
phased-array radio-frequency head coils. Sixty-eight participants were scanned at University of 
California sites (UC) and 106 at the Children Hospital of Philadelphia (CHOP). Structural MRI 
data included multi-echo T1w ME-MPRAGE using the following parameters: 176 slices, 256×256 
matrix, TR = 2530 ms, TI = 1200 ms, TE = 1.64 ms, and flip angle 7°. Clinical MRI images 
(single-echo) obtained at the phenotyping core sites were also analyzed. A sample of 15 deletion 
and 14 duplication carriers, together with 27 familial controls were scanned at University of 
Washington Medical Center, Baylor University Medical Center and Boston Children’s Hospital 
on two matched 3T Philips Achieva (Philips Healthcare, United States of America) and one 
unmatched Magnetom TIM Trio scanner (Siemens Healthcare, Erlangen, Germany), respectively. 
T1w images were acquired using single-echo MPRAGE sequence and the following parameters: 
160 slices; 256×256 matrix; TE = 2.98 ms; TR = 2300 ms; flip angle 9°. 
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All multi-echo images were averaged following a Root-Mean Square (RMS) averaging method. 
For each voxel, RMS calculates the mean of the intensities between the magnitude images of all 
echo times as follows:  
ܴܯܵ௔௩௘௥௔௚௘ ൌ 	ඥܫሺܶܧ1ሻଶ ൅ ܫሺܶܧ2ሻଶ ൅ ܫሺܶܧ3ሻଶ ൅ ܫሺܶܧ4ሻଶ 
Surface-based processing. The FreeSurfer’s automated volumetric algorithm allowed to estimate 
the global measures of brain structure such as cortical gray and white matter volumes (GM and 
WM respectively) (15) and the ventricular volumes. Cortical GM volume was then decomposed 
by FreeSurfer’s automated surface-based algorithms into its two orthogonal components: cortical 
thickness and surface area (16). This algorithm estimated the white matter/gray matter and gray 
matter/pial matter boundaries and constructed tessellated meshes, representing the cortical 
surfaces. The cortical thickness of all vertices in the cerebral cortex was then calculated from the 
white matter and pial surfaces. The total surface area for each individual was calculated by 
summing the area of the triangles that formed the tessellated mesh of the cortex. The local cortical 
surface area measurements were calculated by summing the area of the triangles immediately 
surrounding a vertex. 
Voxel-based processing. The SPM12 algorithm (Wellcome Trust Centre for Neuroimaging, 
London, UK, www.fil.ion.ac.uk/spm), running under MATLAB 9.0 (Mathworks, Sherborn, MA, 
USA), followed the automated tissue classification in the “unified segmentation” framework (17), 
using an enhanced set of brain tissue priors for increased accuracy for subcortical structures (18). 
The resulting tissue probability maps were transformed non-linearly to standard MNI space using 
the diffeomorphic inter-subject registration algorithm (DARTEL) (19). Grey matter probability 
maps were scaled with the corresponding Jacobian determinants to preserve the initial total amount 
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of signal intensity followed by an isotropic Gaussian smoothing kernel of 8 mm full-width-at-half-
maximum (FWHM) (20; 21). 
 
Data analysis 
Z-scores for Head Circumference (HC) were estimated based on age- and sex-normed 
orbitofrontal HC measurements obtained using Swiss anthropometric normative data as a 
reference population (22; 23).  
Voxel-brain morphometry (VBM) analysis. An explicit masking of GM was used to ensure 
inclusion of the same number of voxels in all analyses. The mask was created by averaging 
smoothed (FWHM of 3 mm isotropic) Jacobian-modulated tissue probability maps in MNI space 
across all subjects. 
For visualization purposes, final brain maps were generated using BSPMVIEW MATLAB 
toolbox (http://doi.org/10.5281/zenodo.59461), and highlighted GM regions were identified and 
labelled by mapping the Neuromorphometrics human brain atlas (Neuromorphometrics Inc., 
http://neuromorphometrics.com). SPM T-maps were converted to Cohen d maps with CAT12 
toolbox (http://dbm.neuro.uni-jena.de/cat12/).  
Surface-based analysis. We used the Desikan-Killiany atlas (24) to label brain regions. All 
vertices in the fsaverage5 space were included in the analyses, except those that were part of the 
corpus callosum or medial wall, or those labeled as “unknown”. We visualized the results with the 
Connectome Workbench on the Human Connectome Project’s 32k vertex standard inflated mesh 
(25). 
Analyses on the covariates. We estimated the influence of several covariates on the regional 
pattern of gene-dosage dependency in the VBM analyses. For the influence of MRI sites, we 
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performed a ‘leave-one-out’ approach. We systematically removed one of the MRI sites from the 
statistical design to determine whether any of the sites were preferentially driving the effect. We 
also controlled for the effect of the 7 scanning “sites” including them as a random term in a linear 
mixed model. 
Furthermore, we interacted the genetic groups with different covariates, especially the age, the sex 
(male and female), the MRI parameters (single- vs multi-echo). We divided the dataset in 3 age 
bins to analyze the effect of the broad age range on the results: individuals below or equal to 12 
years of age (40 deletion carriers, 12 duplication carriers and 36 controls); individuals between 12 
and 21 years of age (22 deletion carriers, 11 duplication carriers and 68 controls); individuals 
above 21 years of age (16 deletion carriers, 48 duplication carriers and 108 controls). We also 
compared the results on a subset of 31 deletion carriers and 33 duplication carriers who underwent 
both single- and multi-echo protocols. Finally, we used two distinct methods to explore the 
contribution of the global GM volume to the regional brain differences between genetic groups. 
The local covariation approach (26) consisted in including the total GM volume of each participant 
as an additional covariate in the statistical design. Secondly, some regional volumes extracted with 
Neuromorphometric toolbox were plotted against the eTIV measures to determine whether the 
regional gene dosage-dependent differences were present across the full range of eTIV 
distribution. 
Meta-analytic functional decoding analysis. We used the NeuroSynth database 
(http://neurosynth.org), which contains activation coordinates for 5809 fMRI studies. The 
Neurosynth platform provides a quantitative inference about potential cognitive functions linked 
to patterns of activation. The database contains automatically generated meta-analysis maps for 
several thousand psychological terms and topics (27). Statistical inference is calculated using a 
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chi-square test to generate P value maps (28). Contrast maps for each term were computed by 
comparing studies that loaded highly on that term to all other studies where that term did not load. 
A correlation analysis was performed between each term and the peak of each anatomical cluster 
associated with the 16p11.2 alterations. The resulting coefficients were ranked to find the most 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   




























































































































































































































































































































































































   
   
   
   





















































































































































































































































































































   
   
   
   

































































   
   
   
   










































































































































































































   
   
   
   















































































































































































































































































































































































































































































   
   
   
   



















































































   
   
   







































































































   
   
   













































































































































































































































































































































































































































































































































































































































      




Figure S1. Correlation between the estimation of total intracranial volume, gray matter 
and white matter volumes computed with FreeSurfer and implemented in SPM 
Correlation between the estimation of the brain volumes in cubic centimeter, computed with FreeSurfer and 
implemented in SPM, for each genetic group (1st row), for each cohort (2nd row), and for both multi and single echos 
as MRI parameters (3rd row). eTIV, estimated total intracranial volume; GM, gray matter; WM, white matter; SVIP, 
Simons VIP; FS, FreeSurfer. 
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Figure S2. Developmental trajectory of mean cortical thickness per genetic group 
Relationship between age and mean cortical thickness in the control (A and B), deletion (A), and duplication (B) 
groups. The mean cortical thickness measurements were corrected for sex, NVIQ, and cohort. The fit lines (red = 
deletion group, green = control group, and blue = duplication group) and 95% confidence intervals are included for 
the regressions between mean cortical thickness and age (i.e., both age and age2 terms). The group differences in 
developmental trajectory were modeled with mean cortical thickness as the dependent variable and group, age, age2, 
group X age, and group X age2 as the independent variables. The relationship between age and mean cortical thickness 
did not differ between the three groups. We ran the multiple regression analyses after re-centering the age variable to 
the mean age (24.7 years) and one standard deviation above (39.1 years) and below the mean age (10.3 years). The 
duplication carriers' cerebral cortex was thinner than the age-matched control participants at 39.1 years (t = -3.47, p 
= 0.0006) but not 24.7 years (t = -1.43, p = 0.15) or 10.3 years (t = -0.89, p = 0.37). The deletion carriers’ mean 
cortical thickness did not differ from the control participants’ mean cortical thickness at any point in development.   
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Figure S3. Effects of gene dosage on regional cortical thickness and cortical surface area in 
EU and SVIP cohorts 
For every vertex in the cerebral cortex, the relationship between either cortical thickness or cortical surface area and 
the number of 16p11.2 genomic copies was estimated for the EU (A and B) and SVIP (C and D) cohorts, after 
controlling for age, age2, sex, MRI site, NVIQ, and either mean cortical thickness or total cortical surface area. The 
cool colors depict a positive relationship (i.e., Deletion<Duplication), and the warm colors depict a negative 
relationship (i.e., Deletion>Duplication) between cortical metrics and the number of 16p11.2 genomic copies. The 
results are corrected for multiple comparisons at a false discovery rate of q<0.05. Color bars represent Cohen d. EU, 
European; SVIP, Simons VIP; L, left; R, Right. 
 
  




Figure S4. Effects of gene dosage on regional gray matter volume according to age category 
and sex 
Effects of gene dosage on regional gray matter volume separately in children, adolescents and adults (A), and in males 
and females (B). Results of voxel-based whole-brain maps with volume of regions showing negative 
(Deletion>Duplication) and positive (Deletion<Duplication) relationship with the number of 16p11.2 genomic copies, 
after controlling for age, age2, sex, cohort, total intracranial volume and non-verbal IQ. Results significant at a 
threshold of p<0.05 family-wise error corrected for multiple comparisons are displayed in standard Montreal 
Neurological Institute (MNI) space. Color bars represent Cohen d. L, left; R, Right. 
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Figure S5. Effects of gene dosage on regional gray matter volume according to MRI 
parameters 
A. Left panels (Deletion > Duplication) show voxel-based whole-brain maps with volume of regions showing a 
negative relationship with the number of 16p11.2 genomic copies, for single-echo and multi-echo images, after 
controlling for age, age2, sex, cohort, TIV and NVIQ. Right panels (Deletion < Duplication) present positive 
relationship with the number of 16p11.2 genomic copies. B. Same analyses on a subset of carriers (31 deletion, 33 
duplication carriers) that underwent both single- and multi-echo protocols. Results significant at a threshold of p<0.05 
family-wise error corrected for multiple comparisons are displayed in standard Montreal Neurological Institute (MNI) 
space. Color bars represent Cohen d. L, left; R, Right. 
  




Figure S6. Relationship between global and regional differences associated with 16p11.2 
deletion and duplication 
Correlation of the raw and adjusted volumes (in cm3) in a group of regions obtained from the local brain gene dosage 
Deletion>Duplication, with respectively the unadjusted and adjusted eTIV. Adjusted volumes are estimated in a linear 
model including age, age2, sex and cohort as fixed covariates. Calcarine cortex, hippocampus and superior/middle 
temporal gyri present the same pattern. The bold line represents the linear regressions between the region of interest 
and the eTIV. eTIV, estimated total intracranial volume. 
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Figure S7. Linear and quadratic effect of gene dosage on regional gray matter volume 
Linear (A) and quadratic (B) effects of gene dosage on regional gray matter volume. Results of voxel-based whole-
brain maps with volume of regions showing negative (Deletion>Duplication) and positive (Deletion<Duplication) 
relationship with the number of 16p11.2 genomic copies, after controlling for age, age2, sex, cohort, total intracranial 
volume and non-verbal IQ. Results significant at a threshold of p<0.05 family-wise error corrected for multiple 
comparisons are displayed in standard Montreal Neurological Institute (MNI) space. Each bar plot represents the 
contrast estimate of a peak voxel in a brain regions showing significant linear effects (eg. insula) or in regions showing 
alterations predominantly associated with the deletion (superior, transverse and middle temporal gyri, calcarine 
cortex) or the duplication (caudate). Color bars represent Cohen d. L, left; R, Right. 
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Figure S8. Differential and overlapping contribution of deletion and duplication to the 
regional gene dosage-dependent differences on cortical thickness and cortical surface area 
For every vertex in the cerebral cortex, the relationship between the number of 16p11.2 genomic copies and either 
surface area or cortical thickness was estimated for deletion carriers compared to controls (respectively A and B) and 
for duplication carriers compared to controls (respectively C and D) after controlling for age, age2, sex, cohort and 
either mean cortical thickness or total cortical surface area. The cool colors depict a positive relationship (i.e., 
Control>Deletion or Duplication>Control), and the warm colors depict a negative relationship (i.e., Control<Deletion 
or Duplication<Control) between either cortical thickness or surface area and the number of 16p11.2 genomic copies. 
The results are corrected for multiple comparisons at a false discovery rate of q<0.05. Color bars represent Cohen d. 
L, left; R, Right. 
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Figure S9. Overlap between voxel-based and surface-based results for cortical alterations 
specific to deletion and duplication 
Significant voxel-based results (Family wise error correction, p<0.05) are projected on the significant surface-based 
maps (False discovery rate, q<0.05) for deletion carriers compared to controls (C,D), for duplication carriers 
compared to controls (E,F) and for the conjunction analysis between the 3 genetic groups (A,B). L, left; R, Right. 




Figure S10. Functional associations of the deletion and duplication regional gene dosage-
dependent differences in volume 
Radar plot displaying functional associations between meta-analytic coactivation and (A) deletion- and (B) 
duplication-related structural brain alterations. Correlation values are shown between peaks within each anatomical 
cluster and the top 17 psychological terms used in publications using Neurosynth platform. TTG, transverse temporal 
gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus. 
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Figure S11. Global brain measures in familial controls and unrelated controls 
Boxplots of eTIV, GM, WM and ventricular volumes, cortical surface area and mean cortical thickness in each control 
group. Regression is estimated with a linear model using an ordinal variable including controls of deletion families = 
1, unrelated controls = 2, and control of duplication families = 3. Linear and quadratic expansions of age, sex, non-
verbal IQ and MRI site are fixed covariates. In each box, the bold line corresponds to the median. The bottom and top 
of the box show the 25th (quartile 1 [Q1]) and the 75th (quartile 3 [Q3]) percentile, respectively. The upper whisker 
ends at highest observed data value within the span from Q3 to Q3+1.5 times the interquartile range (Q3–Q1), and 
lower whisker ends at lowest observed data value within the span for Q1 to Q1 - (1.5 * interquartile range). Circles 
that exceed whiskers are outliers. eTIV, estimated total intracranial volume; GM, gray matter; WM, white matter; 
EU, European; SVIP, Simons VIP.  
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Figure S12. Grey matter volume differences between CNV carriers and the two different 
control groups (familial controls and unrelated controls) 
A,C. Results of voxel-based whole-brain maps showing regions which volume is higher in deletion carriers compared 
to controls without any deletion-carrying family members (Deletion > Unrelated controls), in deletion carriers 
compared to controls with a deletion-carrying family member (Deletion > Deletion familial controls). B,D. Results 
of voxel-based whole-brain maps showing regions which volume is lower in duplication carriers compared to controls 
without any duplication-carrying family members (Duplication < Unrelated controls), in duplication carriers 
compared to controls with a duplication-carrying family member (Duplication < Duplication familial controls). 
Results significant at a voxel level at threshold of p<0.05 family-wise error corrected for multiple comparisons are 
displayed in standard MNI space. Color bars represent Cohen d. L, left; R, Right. 
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Figure S13. Contribution of CNV carriers and familial controls to the regional gene dosage-
dependent differences in cortical surface area 
A, C, and E. Cortical surface area comparisons between the deletion carriers, controls with a deletion-carrying family 
member (i.e., deletion familial controls), and controls without any deletion-carrying family members (i.e., Unrelated 
controls). B, D, and F. Cortical surface area comparisons between the duplication carriers, controls with a duplication-
carrying family member (i.e., duplication familial controls), and controls without any duplication-carrying family 
members (i.e., Unrelated controls). Warm and cold colors represent negative and positive gene dosage throughout the 
figure. All comparisons controlled for age, age2, sex, cohort and total cortical surface area. All results are corrected 
for multiple comparisons at a false discovery rate of q<0.05. Color bars represent Cohen d. L, left; R, Right. 
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Figure S14. Contribution of CNV carriers and familial controls to the regional gene 
dosage-dependent differences in cortical thickness 
A, C, and E. Cortical thickness comparisons between the deletion carriers, controls with a deletion-carrying family 
member (i.e., deletion familial controls), and controls without any deletion-carrying family members (i.e., Unrelated 
controls). B, D, and F. Cortical thickness comparisons between the duplication carriers, controls with a duplication-
carrying family member (i.e., duplication familial controls), and controls without any duplication-carrying family 
members (i.e., Unrelated controls). Warm and cold colors represent negative and positive gene dosage throughout the 
figure. All comparisons controlled for age, age2, sex, cohort and mean cortical thickness. All results are corrected for 
multiple comparisons at a false discovery rate of q<0.05. Color bars represent Cohen d. L, left; R, Right.  
Martin-Brevet et al.  Supplement 
37 
Supplemental References 
1. Wechsler D (2004): WPPSI-III Echelle d’intelligence pour la période pré-scolaire et primaire: 
Troisième édition. Paris: ECPA, Les Editions du Centre de Psychologie Appliquée. 
2. Wechsler D (2005): WISC-IV Échelle d'intelligence de Wechsler pour enfants: WISC-IV. 
Paris: ECPA, Les Editions du Centre de Psychologie Appliquée. 
3. Wechsler D (2008): WAIS III Echelle d'intelligence pour adultes. Paris: ECPA, Les Editions 
du Centre de Psychologie Appliquée. 
4. Wechsler D (1999): Wechsler abbreviated scale of intelligence. San Antonio, TX: The 
Psychological Corporation. 
5. Elliott CD (2006): Differential Abilities Scale–2nd Edition (DAS-II). San Antonio, TX: The 
Psychological Corporation. 
6. Wagner RK, Torgesen JK, Rashotte CA (1999): Comprehensive test of phonological processes 
(CTOPP). Austin, TX: Pro-Ed. 
7. Korkman M, Kemp SL, Kirk U (2008): Nepsy, Bilan Neuro- psychologique de l’enfant: 
Manuel. Paris: ECPA, les Éditions du Centre de Psychologie Appliquée. 
8. Constantino JN (2002): The Social Responsiveness Scale. Los Angeles: Western Psychological 
Services. 
9. Association Psychiatric Association (2013): Diagnostic and statistical manual of mental 
disorders (DSM-5®). Washington, DC: American Psychiatric Association. 
10. Preisig M, Fenton BT, Matthey M-L, Berney A, Ferrero F (1999): Diagnostic interview for 
genetic studies (DIGS): inter-rater and test-retest reliability of the French version. European 
archives of psychiatry and clinical neuroscience. 249: 174–179. 
11. Lord C, Rutter M, Le Couteur A (1994): Autism Diagnostic Interview-Revised: a revised 
version of a diagnostic interview for caregivers of individuals with possible pervasive 
developmental disorders. J Autism Dev Disord. 24: 659–685. 
12. Lord C, Risi S, Lambrecht L, Cook EH, Leventhal BL, DiLavore PC, et al. (2000): The Autism 
Diagnostic Observation Schedule—Generic: A standard measure of social and 
communication deficits associated with the spectrum of autism. J Autism Dev Disord. 30: 
205–223. 
13. Sparrow SS, Cicchetti DV, Balla DA (2005): Vineland adaptive behavior scales (2nd ed.). 
Circle Pines: Pearson Assessments. 
14. Rutter, M., Bailey, A., & Lord, C. (2003): Social Communication Questionnaire (SCQ). 
Torrance, CA: Western Psychological Services. 
15. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. (2002): Whole Brain 
Segmentation: Neurotechnique Automated Labeling of Neuroanatomical Structures in the 
Human Brain. Neuron. 33: 341-355. 
16. Fischl B, Dale AM (2000): Measuring the thickness of the human cerebral cortex from 
magnetic resonance images. PNAS. 97: 11050-11055. 
Martin-Brevet et al.  Supplement 
38 
17. Ashburner J, Friston KJ (2005): Unified segmentation. NeuroImage. 26: 839–851. 
18. Lorio S, Fresard S, Adaszewski S, Kherif F, Chowdhury R, Frackowiak RS, et al. (2016): New 
tissue priors for improved automated classification of subcortical brain structures on MRI. 
NeuroImage. 130: 157–166. 
19. Ashburner J (2007): A fast diffeomorphic image registration algorithm. NeuroImage. 38: 95–
113. 
20. Jones D, Symms M, Cercignani M, Howard R (2005): The effect of filter size on VBM 
analyses of DT-MRI data. NeuroImage. 26: 546–554. 
21. Salmond CH, Ashburner J, Vargha-Khadem F, Connelly A, Gadian DG, Friston KJ (2002): 
Distributional Assumptions in Voxel-Based Morphometry. NeuroImage. 17: 1027–1030. 
22. Prader A, Largo RH, Molinari L, Issler C (1989): Physical growth of Swiss children from birth 
to 20 years of age. First Zurich longitudinal study of growth and development. Helv Paediatr 
Acta Suppl. 52: 1–125. 
23. Largo R, Jenni OG (2005): Jahre Forschung in den Zürcher Longitudinalstudien: Was haben 
wir daraus gelernt. Bayern AF Tagungsband „Forschung für die Praxis I–Wie funktioniert 
(kindliche) Entwicklung “ München: Arbeitsstelle Frühförderung Bayern. 50: 47–56. 
24. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. (2006): An 
automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral 
based regions of interest. NeuroImage. 31: 968–980. 
25. Marcus DS (2011): Informatics and data mining tools and strategies for the Human 
Connectome Project. Frontiers in Neuroinformatics. 5: 1–12. 
26. Peelle JE, Cusack R, Henson RNA (2012): Adjusting for global effects in voxel-based 
morphometry: Gray matter decline in normal aging. NeuroImage. 60: 1503–1516. 
27. Poldrack RA, Kalar D, Barman B, Mumford JA, Yarkoni T (2011): Topic mapping: a 
literature-wide analysis of mind-brain relationships. Program No. 841.24. 2011, Neuroscience 
Meeting Planner; 2011 Nov 12--16; Washington (DC): Society for Neuroscience. 
28. Yarkoni T, Poldrack RA, Nichols TE, Van Essen DC, Wager TD (2011): Large-scale 
automated synthesis of human functional neuroimaging data. Nat Methods. 8: 665–670. 
 
